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CHAPTER 1
INTRODUCTION

In mechanical ventilation the function of the respiratory muscles to
change lung volume is taken over by a ventilator. In most types of mechani-
cal ventilation changes in lung volume coincide with pressure changes at the
airway opening. The ventilator inflates the lungs either to a pre-set pressure,
which is called pressure controlled ventilation, or to a pre-set volume, which
is called volume controlled ventilation. The goal of mechanical ventilation
is the maintenance of respiratory gas exchange. A disadvantage of the in-
crease in lung volume and the concomitant rise in intra-thoracic pressure
during mechanical ventilation is a reduction in cardiac output [37,104], and
therefore a reduction in oxygen transport, since this value is determined by
the product of the oxygen content of arterial blood and cardiac output.

The recoil pressure of the total respiratory system, Pgrg, is determined
by the recoil pressure of the lungs, Py,, and the recoil pressure of the thorax
or chest wall, Pow from [32,85,87)

Prs = P, + Pow (1)

The recoil pressure of the thorax is composed of recoil pressures from the
structures which surround the lungs such as the rib cage and the abdomi-
nal compartment. During mechanical ventilation the recoil pressure of the
total respiratory system can be estimated by measurement of the pressure
at the airway opening (Paw). Paw approximates Pgrg provided that the
airflow rate in the respiratory system is zero and muscle activity is absent.
In measurements of the relationship between Prg and the changes in lung
volume V the activity of respiratory muscles is either assumed to be absent
[90,98], or suppressed by muscle relaxants [31,68]. This thesis is confined to
the studies on the relationship between Prs and V, i.e. the Prs-V or the
P-V relationship of the respiratory system in paralysed piglets.

The total recoil pressure can be divided into a contribution of lung re-
coil pressure and thoracic recoil pressure, by measuring the difference be-
tween alveolar pressure and intra-thoracic pressure for the estimation of the
lung recoil and by measuring the difference between intra-thoracic pressure
and ambient air pressure for the estimation of the thoracic recoil. Intra-
thoracic pressure is usually measured by means of an oesophageal balloon




[57,72]. However, this technique has been proved to be less accurate in
supine subjects because of substantial cardiac interference and changes in
absolute pressure due to the weight of the heart and the surrounding struc-
tures [71,102,106,109).

It is a common observation that the relationship between the thoracic
recoil pressure and the change in lung volume is approximately linear in
the volume range which is used for mechanical ventilation [1]. Although
changes in the pressure-volume relationship of the thorax were reported in
abdominal distension and chest-wall edema [57], the most common cause of a
change in the respiratory P-V relationship in patients with acute respiratory
failure is a change in elasticity of the lungs [26,68,100]. Changes in the
relationship between Prg and lung volume were often found to be the first
indication of the development of pulmonary or pleural disorders in patients
under mechanical ventilation, like pneumothorax, atelectasis and pulmonary
oedema [17].

Total respiratory compliance Cgrg is the measure which quantifies the
relationship between the change in lung volume and the change in alveolar
pressure. Cgg is defined as the ratio between a change in lung volume and
the concomitant change in alveolar pressure, and can be estimated from
Crs = AV/APgs. This compliance can be divided into the thoracic
compliance Cow and the lung compliance Cy,. In one of the methods to
estimate Crg during mechanical ventilation an inspiratory pause is applied.
This inspiratory pause method has also been called ‘inflation hold method’
or ‘end-inflation occlusion method’ by other investigators. During the in-
spiratory pause airflow rate was zero and hence lung volume was assumed
to be constant, provided changes in volume by gas exchange or changes in
pulmonary blood volume were negligible. After 1.5 s during an inspiratory
pause stable airway pressures have been reported [57,58,90,98]. However,
some investigators reported a slowly decreasing pressure during an inspira-
tory pause of 2.5 s to more than 5 s [17,22]. Such a gradual decrease in
pressure could indicate a potential error in the estimation of Crg by the
inspiratory pause method for several reasons. Incomplete equilibration of
gas pressure in the lungs and viscoelastic forces will contribute to an over-
estimation of the characteristic elastic pressure for a given lung volume,
resulting in an underestimation of compliance. A larger oxygen uptake than
CO, output will contribute to an overestimation of lung volume when the
inflation volume is used, resulting in an overestimation of compliance.
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1.1 Objectives of the study.

The main objective of the study presented in this thesis has been the in-
vestigation of mechanisms related to the decrease in airway pressure during
an inspiratory pause in mechanically ventilated subjects. In particular, we
have paid attention to two of these mechanisms, i.e. viscoelasticity and the
influence of continuous gas exchange on lung volume. We aimed at estimat-
ing the errors in the determination of Crg when assuming the pressure after
an inspiratory pause of 1.5 s to be equal to ‘the’ static recoil pressure of
the respiratory system, which is a common assumption in clinical practice
[57,90,98]. In addition we aimed at an evaluation of other methods for the
estimation of Crs during mechanical ventilation.

This study was performed in animals for reasons of large series of obser-
vations in each subject in order to evaluate the accuracy and the reliability
of a diversity of standardized methods for the estimation of Crg. We have
used piglets.

1.2 OQOutline of the thesis.

In Chapter 2 a review of the literature on the estimation of Crg during
mechanical ventilation is presented.

In Chapter 3 the computer controlled ventilator is described with em-
phasis on its operation during special ventilatory manoeuvres. Moreover,
two different methods for the estimation of the end-expiratory lung volume
are discussed.

In Chapter 4 the change in pressure during an inspiratory pause is related
to the change in thoracic volume. This change in volume was measured by
means of a mercury strain gauge around the rib cage of the piglet.

In Chapter 5 the pulse method and the slow inflation-deflation method
are evaluated.

In Chapter 6 those experiments are discussed in which the loss of lung
volume by continuous gas exchange was estimated from special ventilatory
(‘rebreathing’) manoeuvres performed at different volume levels above end-
expiratory lung volume.

In Chapter 7 an attempt was made to model the airway pressure decay
during ‘post mortem’ inspiratory pauses with a bi-exponential decay process.
Also the contribution of lungs and thorax to the total recoil pressure is
discussed.
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CHAPTER 2
REVIEW OF THE LITERATURE

Several methods can be used to estimate total respiratory compliance
Cgrs during mechanical ventilation. In general, Cgrg is derived from the re-
lationship between the changes in airway pressure and the changes in lung
volume. In the next subsections a number of methods for the estimation of
Cgrs are discussed and special attention is paid to the underlying assump-
tions of these methods.

2.1 Inspiratory pause method.

In the inspiratory pause method the airway is occluded at the end of an
insufflation. In this way Crs can be derived from the ratio of the inflation
volume and the difference in airway pressure between inspiratory pause and
end-expiration [22,89,100]. This principle is illustrated in Fig. 2.1. Such an
Inspiratory pause is necessary to approximate the static compliance of the
respiratory system. Cgrg cannot be derived from Paw during insufflation
because this pressure is not only due to the static recoil pressure of the res-
piratory system but is also affected by the flow resistance of the airways, the
viscoelasticity of the tissues and equilibration of gas pressures in the lungs
[12,22,66]. Peak pressure at end-inflation is considered to be inadequate as
a determinant for the derivation of compliance, because this pressure in-
cludes a component due to airflow resistance. Therefore, peak pressure does
not separate parenchymal disease from airway disease [17,100]. In normal
human lungs the dynamic component in the airway pressure decays within
1.5 s from the start of the inspiratory pause [35,63,89,100]. Subsequently, a
gradual flattening of the pressure-time course occurs. A pressure measure-
ment after an inspiratory pause of 0.55 s [3] to 1.5 s is usually considered
adequate for clinical applications [35,89,100]. Nevertheless, some investiga-
tors consider such a pause too short and have applied inspiratory pauses of
several seconds [17,22].

Recent publications on intrinsic- or auto PEEP (positive end-expiratory
pressure) have showed that in many intensive care patients the time for expi-
ration, allowed by the ventilator, was insufficient for mean alveolar pressure
P, to return to the pre-set end-expiratory pressure. The alveolar pressure
will then remain markedly higher than its pre-set value [83,90]. Under such
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Fig 2.1 Inspiratory pause method.

In the upper panel the imposed lung volume change V, obtained from airflow V is plotted
as a function of time during the inflation (I), the inspiratory pause (IP) and the subsequent
expiration (E).

In the lower panel the corresponding airway pressure Paw is plotted. Cgrs is derived from
the ratio AV/AP.
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circumstances end-expiratory alveolar pressure should be derived from the
airway pressure, obtained by means of a pause at end-expiration to equili-
brate P sw with Py [83]. The value of intrinsic PEEP could also be obtained
from the rise in airway pressure immediately before the start of the inspira-
tory flow during insufflation [90].

The P-V curve of the total respiratory system is S-shaped, implying a
small increase in volume for a rather large increase in pressure, which in-
clines to a larger volume rise for a small increase in pressure followed by
a declination of the curve to larger rises in pressure per volume increase
(cf. e.g. Fig. 2.2). The part at low lung volume where the curve inclines
to a steeper approximately linear part has been attributed to recruitment
of previously closed lung regions. Because of this nonlinearity in the P-V
curve, changes in end-expiratory lung volume and tidal volume will affect
the value of compliance [1,17,23,26,27,45,64,100]. A change in lung volume
will occur by application of positive end-expiratory pressure, PEEP. In spite
of the aforementioned dependence on volume the inspiratory pause method
is usually based on the application of a single volume change, corresponding
to tidal volume [31,57,63,90]. Therefore, such estimates of Cgrs pertain to
the entire tidal volume. As a consequence total respiratory compliance de-
rived from the inspiratory pause method will underestimate the compliance
derived from the slope of the linear part of the quasi-static P-V curve. This
situation is visualized in Fig. 2.2. The underestimation will be even more
pronounced when the nonlinearity of the P-V relationship is larger at low
lung volumes. '

An evident advantage of this method is its fast and safe performance
with most ventilators without having to disconnect the patient from the
ventilator in normal mechanical ventilation [17]. When a stable platean
pressure is found during an inspiratory pause an absence of muscular activity
can be concluded [89,110]. Therefore, muscle paralysis is not required in the
inspiratory pause method.

2.2 Multiple inspiratory pause procedures.

Ifinspiratory pause procedures are performed at different volumes the plateau
pressures and the inflation volumes can be used to construct a quasi-static
P-V curve as in Fig. 2.2 [17,51,100]. During mechanical ventilation changes
in alveolar pressure are a consequence of changes in lung volume. Therefore,
the volume axis should be the abscissa. In pulmonary physiology, however,
volume is usually presented on the ordinate because an easier comparison

15
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Fig 2.2 The multiple inspiratory pause method.

The pressure differences AP and the volume differences AV, as obtained from a series of
inspiratory pause procedures (Fig. 2.1) can be combined to calculate the quasi-static P-V
curve. Four examples (1-4) are given. Cgrs can be derived from the linear part of the

curve.

with P-V curves is obtained during spontaneous breathing. For this reason
we plot all relationships between pressure and volume with pressure on the
X-axis and volume on the Y-axis. Detection of a change in the slope and
in the position of P-V curves in the diagram is considered to be a useful
diagnostic tool during mechanical ventilation, because it provides early in-
dications for e.g. atelectasis, pneumothorax, pulmonary edema, progressive
pneumonia and other pulmonary diseases affecting pulmonary compliance
[17]. Hylkema and coworkers [51] performed a linear regression analysis on
the different pressure-volume points, and they argued that the slope of such
a line is probably a more realistic estimate of the compliance of the respira-
tory system than compliance derived from a single inspiratory pause. The
multiple inspiratory pause technique can be performed comparatively easy,
although some investigators find the technique ‘fastidious’ [69,101).

2.3 Pulse method.

When lung volume is increased at a constant flow rate and when airway pres-
sure is rising linearly in time after an initial transient, compliance can be
directly calculated from the ratio of the flow V and the slope of the pressure-
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Fig 2.3 Pulse method

Pulse compliance can be derived from the ratio of airflow V during an inflation at con-
stant flow rate and the slope of the corresponding airway pressure-time course (AP/At):
compliance = V/(AP/At)

time course (AP/At) [10,86,97,98]. This concept of compliance measure-
ment is called the pulse method and is visualized in Fig. 2.3. Undoubtedly,
during the inflation Py is affected by the airflow resistance but it is as-
sumed that this contribution is constant over the considered volume range
and, therefore, does not affect AP [10,97]. The pulse method should be
applied within a limited volume range [10], considering: 1) the nonlinear-
ity of the quasi-static P-V curve [45], 2) the decreasing airway resistance
at increasing lung volumes [82,86,97] and 3) the increasing contribution of
viscoelasticity at increasing volumes [22,49]. The ‘pulse’ method can also be
performed in non paralysed subjects, because insufficient muscle relaxation
is easily detected from an irregular increase in airway pressure during infla-
tion. When this method is applied a linear relationship between pressure
and time is a prerequisite [10]. Comparison of compliance estimates derived
from the pulse method and the inspiratory pause method revealed virtually
identical values, even in patients with obstructive lung disease [89,98,99].
Most volume controlled ventilators can provide a constant inspiratory flow
[98]. However, from the very onset of inflation airflow is not always constant
and, therefore, some time is needed to obtain a stable flow rate [89]. Apart
from the actual compliance measurement a constant flow during inflation
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offers the advantage that over-distention is easily detected by a nonlinear
increase in pressure at a certain volume [101].

2.4 Slow inflation-deflation method.

Crg can also be derived from quasi-static P-V curves which can be obtained
by recording Paw and the change in lung volume during a slow inflation
and deflation of the respiratory system. Such a procedure can be performed
either at a constant flow rate or step by step. Because of the low flow rate
during the continuous inflation-deflation procedure, Ppw is virtually equal
to the alveolar pressure P, and static conditions are measured during the
entire procedure [31,43,68]. In the stepwise inflation-deflation procedure it
is assumed that Pyw equals P at the end of the pause after each step.

Pressure-volume curves are usually performed as described in the follow-
ing paragraph [14,19,21,31,43,63,64,68,69].

Firstly, the subject is anaesthetized and paralysed. When a PEEP is used
during normal mechanical ventilation this pressure is adjusted to zero end-
expiratory pressure (ZEEP) about 15 minutes before the P-V curve determi-
nation. When hypoxemia is expected during the procedure, the inspiratory
fraction of oxygen Fyo, is increased in advance, if necessary to Fyo, = 1.
To perform the procedure, the patient is disconnected from the ventilator.
Then, some type of ventilatory procedure is performed to standardize lung
volume history. Different ‘standardizing’ procedures were used which con-
sisted in the majority of studies of one or a sequence of hyper-inflations.
Thereafter, inflation is started at a rate of approximately 0.5 ml.s™1.kg™!
(about 2 1.min~?! in adults). Volume is insufflated either by stepwise incre-
ments of lung volume, 100-200 ml each 3-5 s with an inspiratory pause of
2-3 s in each step, or by means of a low constant flow. Inflation is contin-
ued until an increase in lung volume between 10 ml.kg™! and 25 mlkg~?!
is reached or until airway pressure has reached 40-50 cn H3O. Then, defla-
tion is started with the same flow rate. An entire ‘slow inflation-deflation
procedure’ takes between 40 and 90 s. Deflation is continued either un-
til zero airway pressure is observed or until the entire inflation volume has
been recollected. The volume can be insuffated by means of a constant
flow device [14], a modified ventilator [43], or an (automated) super syringe
[21,31,63,69].

For a long time the change in lung volume was derived from the change
in volume measured at the airway opening, e.g. by integration of the air-
flow rate. Publications of Butler and Smith [18], Gattinoni et al. [30] and
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Dall’Ava Santucci et al. [21] demonstrated clearly that the actual change
in lung volume was different from the change in volume measured at the
airway opening. This was attributed to a continuous oxygen uptake and a
decreasing CO4 output during the slow inflation-deflation procedure {21,30].
Different solutions were proposed to avoid this problem. Butler and Smith
[18] measured the change in lung volume in apnoeic patients by means of a
sensitive spirometer which was filled with expired gas. They used this value,
which was about 0.2-0.3 L.min~? in adults, as a standard correction for the
P-V curves. According to Sharp et al. [92] such a volume correction may be
too large, because alveolar gas is continuously diluted by fresh gas during in-
flation causing a steady instead of a decreasing CO2 output during the slow
inflation. They assumed that lung volume decreases about 25 ml during a
60 s slow inflation-deflation procedure. Recently, Gattinoni et al. [30] esti-
mated the loss of volume due to gas exchange during slow inflation-deflation
procedures by calculating the decrease in the amount of oxygen and the in-
crease in the amount of CO,. The decrease in volume due to oxygen uptake
was assumed to be equal to the steady oxygen uptake multiplied by the time
required to perform the slow inflation-deflation procedure. The increase in
lung volume due to CO,-exchange was derived from measurements of arterial
blood gases just before and after the slow inflation-deflation procedure and
from a determination of the end-expiratory lung volume. Gattinoni et al.
[30] estimated the decrease in lung volume during a slow inflation-deflation
procedure to be about 170 * 120 (SD) ml in 30-90 s in patients. This
value corresponds better with the correction of Butler and Smith than the
value of 25 ml assumed by Sharp et al. [92]. The changes in intra-thoracic
volume measured by means of respiratory inductive plethysmography (RIP)
[21] confirmed the findings of Gattinoni et al. [30]. In slow inflation-deflation
procedures the authors [21] were able to demonstrate obvious differences be-
tween the changes in volume based on airflow and changes in volume based
on RIP.

Total compliance estimates have usually been derived from both inflation
and deflation limbs of the pressure-volume loop. They were obtained from
the approximately linear segment of the curve, which was between 0.5and 11
above the end-expiratory lung volume in adults. These compliance estimates
are illustrated in Fig. 2.4. The compliance values for inflation and deflation
(Cinrr, and Cpgpy, respectively) correlated well with the compliance values
derived from the inspiratory pause method [63], in spite of small differences
between the values. Gattinoni et al. [31] found no significant differences
between these compliance estimates after proper corrections for continuous
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Fig 2.4 Slow inflation-deflation procedure.

Airway pressure plotted versus the change in lung volume, measured by integration of
airflow at the mouth, during a slow inflation-deflation procedure. Compliance can be
derived from the slope of the approximately linear part of the inflation limb (AVy/APy)
and similarly from the deflation limb (AVyp/APp).

gas exchange.

The inflation and deflation limb of pressure-volume loops are thought
to contain different information. The inflation limb is often characterized
by an initial part with a relatively large pressure change (‘low compliance’),
which has been attributed to opening of previously closed lung units or
recruitment, followed after an inflection by a steeper part [31,33,68]. The
deflation limb is generally found without the characteristic nonlinearity in
the pressure-volume relationship and is therefore thought to reflect physio-
logical compliance better than the inflation limb [68]. However, compliance
estimates derived from volume measurements without corrections for the
decrease in lung volume due to gas exchange during the procedure are more
affected during deflation than during inflation [21,31]. This is probably
due to the difference in CO, output during inflation and deflation caused
by addition of fresh gas during inflation which is absent during deflation.
Compliance estimates derived from the deflation limb are dependent on the
total inflation volume [14] and larger values have been found after larger
inflations. This increase in compliance values suggests that during inflation
at the large volumes sequential opening of closed lung units still occurred
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[14,33,70]. Therefore, Benito et al. [14] suggested to standardize inflation
volume at 25 ml.kg™?.

2.5 Interrupter technique during a passive expiration.

The interrupter technique [76,80] was originally proposed to estimate air-
way resistance during spontaneous breathing. The method is based on the
following assumptions:

e The pressure rapidly equilibrates between the airway opening (Paw)
and the alveoli (P4 ) when the airway is occluded for 100 ms during
breathing.

e The so obtained measurement of P, is only minimally disturbed by
movement of lung and chest-wall.

Several studies, however, indicated that airway resistance was overestimated
with respect to the values of the airway resistance obtained by body plethys-
mography [52].

In contrast with studies during spontaneous breathing, the interrupter
technique yielded reliable values of airway resistance during passive expira-
tions in mechanically ventilated patients, in whom part of the upper airways
was bypassed by an endo-tracheal tube or tracheal cannula [35,110]. This
difference in reliability has mainly been attributed to the faster transmission
of alveolar pressure to the airways when the compliant upper airways were
eliminated [35,74].

Gottfried and coworkers [34] have demonstrated that with this technique
‘static’ mechanical properties of the respiratory system could be measured
in anaesthetized human beings. During relaxed expirations they applied
several short expiratory pauses (of 100 ms) with a rapid pneumatic valve.
During these pauses they observed plateau values in airway pressure, which
were preceded by transient oscillations due to inertial properties. Although
in patients with chronic obstructive pulmonary disease (COPD) a longer
pause was required, a pause of 0.3 s was always sufficient to obtain a stable
plateau pressure [34]. Gottfried et al. interpreted these plateau values as an
indication both for equilibration between alveolar and airway pressure, and
for relaxation of the respiratory muscles. In paralysed human beings all expi-
ratory pauses yielded stable plateau pressures, whereas during spontaneous
breathing plateaus were only found during the last part of the expirations,
indicating respiratory muscle activity early in expiration. Quasi-static P-V
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curves were obtained by plotting the plateau pressures versus the respective
volumes levels above end-expiratory lung volume. This P-V relationship
appeared to be linear in most cases. Gottfried et al. compared the slope of
this P-V curve with estimates of Crg from the inspiratory pause method.
They found no significant differences {34,35).

The short pause (100-300 ms) in the interrupter method seems in con-
tradiction with the required pause (1.5 s) in the inspiratory pause method.
Although this issue has not been covered in the publications on the inter-
rupter technique [34,35,74,110] we assume this difference to be caused by
differences in stress-relaxation, which is the gradual decrease in pressure
after a stepwise increase in lung volume. The interrupter technique is usu-
ally performed during a passive expiration after an inspiratory pause of a
few seconds. Therefore, the influence of viscoelastic pressures during the
subsequent passive expiration might be small.

However, in a study by Bates et al. [11] tracings of tracheal pressure
have been presented obtained from passive expirations in which the outlet
of the airway was occluded at 0.2 s after the beginning of expiration, which
coincided approximately with mid-expiration. During the next expiratory
pause of 5 s, airway pressure was not constant but increased gradually with
a time constant of about 1 s [11]. This slow pressure change indicates that
significant errors can be made when the pressure after a pause of only 100-
300 ms is assumed to be equal to the recoil pressure of the total respiratory
system.
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CHAPTER 3
VENTILATORY MANOEUVRES

3.1 Introduction.

During the experiments presented in the following chapters we have used
a computer controlled ventilator [56] for normal mechanical ventilation as
well as for all special ventilatory manoeuvres to determine total respiratory
compliance. In this chapter the operation of the ventilator is described.
Additionally, the procedures and essentials of two helium-dilution methods
used for the estimation of end-expiratory lung volume are discussed.

3.2 'The ventilator.
3.2.1 Basics

The most essential parts of the ventilator (Fig. 3.1) are two concertina bel-
lows (numbered 1 en 2) coupled together to move simultaneously. One side
of each bellows has been mounted on a fixed plate (FP), which is part of
the frame of the ventilator, whereas the other side has been attached to a
movable plate or piston (P). The maximum volume of each bellows (=~ 300
ml) is large enough to perform all respiratory manoeuvres. In the fixed plate
four holes have been made, two in front of each bellows, to permit inflow
and outflow of gas. Volume of the bellows is changed by a motor (M), which
moves the piston by turning the ballscrew (K). Two electromagnetic solenoid
valves control the ‘inlet’ A, and ‘outlet’ B of the bellows. Via valves A fresh
gas is taken into the bellows, via valves B this gas is insufflated into the
animal. Two additional valves (C) have been mounted in the frame of the
ventilator to permit outflow of expiratory gas. In addition to these six elec-
tromagnetic valves connections have been provided for the control of two
external valves, which can be used for different purposes in the ventilatory
system (cf. valve X in section 3.3).

When the piston is in its most forward position the concertina bellows
are folded. The folds prevent the movable plate to approach the fixed plate
closely. In order to reduce the remaining extra volume within each bellows
a ‘soft filling body’ has been attached to the fixed plate.
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Figure 3.1 Schematic drawing of the computer controlled ventilator.
M: Motor, K: Ballscrew, P: Piston, F.P.: Fixed plate, *: soft-filling body, 1,2: Bellows 1

and 2 respectively, A:inlet valve, B: valve in inspiratory tube, C: valve in expiratory tube.
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The ventilator was based on a motor servo system [56]. The motor and
electromagnetic valves are controlled by a computer (Olivetti, M24). The
user interactive part of the program was written in FORTRAN, the actual
control of the ventilator is performed by a set of routines, written in assembly
language.

In the next section the functioning of the ventilator is explained on the
basis of the normal mechanical ventilation. Also some of the elementary
aspects of the software are described to elucidate the versatility of this ven-
tilator.

3.2.2 Normal mechanical ventilation

Normal mechanical ventilation is usually performed by one of the bellows
(e.g. number 1) leaving the other bellows (number 2) in ‘flush’ mode. In
flush mode inflow and outflow of gas occurs via valve A, because valves B
and C are closed. Therefore, no gas flow is possible between the ‘flushing’
bellows and the animal. In the following description of normal mechanical
ventilation the opening and closing of valves A, B and C refer only to bellows
1.

The starting point of a ventilatory cycle is defined to be the moment
that the piston is in the most forward position and ready to move back-
wards. Thus, the starting point of the cycle coincides with the beginning
of expiration. This moment differs from a starting point at the beginning
of insufflation, which is usually chosen in physiological and clinical studies.
A normal ventilatory cycle in our experiments took 6 s, i.e. 10 breaths per
minute. In the first phase of a ventilatory cycle the piston moves backwards
until the volume increase of the bellows is equal to the volume which has to
be insufflated subsequently. During this phase, the valves A and C are open
and B is closed to permit both a gas flow into the bellows and a passive
expiration by the animal via valve C. Valve B is closed to avoid inflow of
expiratory gas into the bellows when the piston is returning to its position
for insufflation. After this ‘expiratory’ phase, which usually lasted 3.6 s in
our experiments, ‘inflation’ is started by moving the piston again to the
forward position, with valves A and C closed and valve B open. During
this phase the tidal volume is directed via valve B into the animal. This
insufflation usually toock 2.4 s in our experiments. When the piston is in
the most forward position at end-inflation, an optional inspiratory pause
can be inserted, with all valves closed. Thereafter, the next cycle is again
performed automatically.
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3.2.3 Software

The ventilator is controlled by a computer program commanding the valves
and the position of the piston. All commands for an entire ventilatory cycle
are stored in a buffer in the computer. The buffer has a fixed length and
contains 200 different positions and valve states. In order to handle different
ventilatory cycle times the commands of the valves and the piston positions
are transmitted to the ventilator at intervals depending on the cycle time.
The program uses four buffers in total, two for normal mechanical ventilation
and two additional buffers for special ventilatory manoeuvres, which are
meant to be inserted in between normal ventilatory cycles. Most ventilatory
manoeuvres for estimation of compliance, end-expiratory lung volume and
gas exchange (cf. Chapter 6) were defined as special manoeuvres. In practice
these special procedures were always performed by bellows 2 (Fig. 3.1).

During normal mechanical ventilation only one of the four buffers is in
use. The operator may change the commands of any of the three remaining
buffers by supplying the following data to the program:

1. the kind of buffer to be used, i.e. to change normal mechanical
ventilation or to define a special ventilatory procedure

the number of the bellows,
the ventilatory volume,

the ventilatory cycle time,

or o W N

the percentages of the ventilatory cycle for inflation (I) and for
expiration (E) respectively. The remaining time, if any, is auto-
matically reserved for an inspiratory pause.

6. the inspiratory flow profile, which can be either constant flow or
sinusoidal flow. Although technically any flow profile is possible,
only two different flow types are installed in the program. In case
of a controlled deflation the expiratory flow profile can be defined
too.

7. the number of normal ventilatory cycles after which a special
procedure has to be repeated automatically.

With the use of these data, the program defines one of the buffers and uses
the data in this buffer to perform the next ventilatory cycle. Therefore, it is
possible to change parameters as ventilatory cycle time, ventilatory volume,
I:E ratio etc. per cycle, without any delay. Even the gas mixture can be
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changed instantaneously by switching, between two ventilatory cycles from
the ventilating bellows to the other bellows, which was previously flushed
with an other gas mixture. This feature has been used in the helium dilution
measurements to estimate end-expiratory lung volume. It is also possible to
control the ventilator so that both bellows can be used during ventilation.
In this way the movement and acceleration of the piston can be reduced by
the smaller displacement, which is important when short inflation times are
required.

The ventilator can be controlled both by keyboard and by remote com-
puter. In our experiments the experimental protocol of an entire experiment
could be stored in the remote computer. In this way the protocol could be
performed automatically during the experiment and similar in each animal.

3.3 The ventilator as part of the experimental set-up.

The tubes, the additional equipment and the connections to the experimen-
tal animal and the ventilator are presented schematically in Fig. 3.2. The
figure represents the situation in normal mechanical ventilation and in most
special procedures. In the case of end-expiratory lung volume determina-
tions the set-up was slightly different, this is to be discussed later in this
section.

The gas mixture to ventilate the animals was obtained from two cylinders
with compressed gas, containing usually N, and O, respectively. The gases
were directed through a blender into a large Douglas bag (D) of about 50 1.
Collection of the gases in the Douglas bag provided a stable mixture with
a large enough volume for buffering slight inlet changes in gas fraction.
When no measurements of end-expiratory lung volume with the use of He
dilution were performed both bellows of the ventilator were filled with the
same gas mixture from the Douglas bag. In that situation the bellows in
flush mode continuously ‘rebreathed’ the gas in the Douglas bag. The tubes
between the valves (1B, 2B, 1C and 2C) and the animal contained three
Y pieces (Ya, Yb and Yc in Fig. 3.2). In the tube between Yc and the
tracheal cannula inspiratory and expiratory airflow (V) was monitored by
means of a Fleisch pneumotachometer (Sensormedics (Godart), Holland,
nr 0). An extra valve (X), also controlled by the ventilator program, was
mounted at the tracheal cannula. This valve was closed only during the
inspiratory pauses to eliminate the effect of extra-thoracic compliance of the
ventilator and the tubes on the measurement of tracheal pressure during the
pause. The extra valve X was open in other special procedures and in normal
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Figure 3.2 The ventilator as used in its experimental function.

AB,C : Valves, electromagn. controlled (cf. Fig. 3.1)

Blender : Blender for mixing N2 and O,

D : Douglas Bag

cl. : Clamp, cl. I for He wash-in procedures

Mix : Mixing box to collect expiratory gases

Ms : Mass-spectrometer sampling site

PEEP : Waterseal for application of positive end-expiratory
: pressure (PEEP)

Pr : Measuring site of the tracheal pressure,

S : Spirometer

v : Flow head of pneumotachometer

X : Extra valve at tracheal cannula

Ya Yb Yc : Y-pieces in tubes.
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mechanical ventilation. In the experiments described in Chapters 6 and 7 a
Capnometer (Hewlett Packard) was inserted between the extra valve and the
pneumotachometer. The Pgo, signal was only used during the experiments
to check stability of end-tidal Pgo,. Airway pressure (Paw) was measured
at a small side arm of the tracheal cannula with the use of a gas pressure
transducer (Hewlett Packard type 270). This pressure is also called tracheal
pressure Pt in the following chapters. Another side arm of the tracheal
cannula could be used for suctioning.

Expiratory gas was directed via 1C or 2C to a small gas mixing box, to
permit measurement of mean expiratory gas fractions. The outlet of this
mixing box was attached to a water seal for application of PEEP.

A few minutes before lung volume measurements were started a spirome-
ter S (Lode, D53/R, The Netherlands) was thoroughly flushed with the same
gas mixture as was used during the ventilation. For that purpose the tube
between the blender and the spirometer was opened and the other tube from
the blender to the Douglas bag was closed by switching a clamp manually.
After flushing the spirometer a small volume of helium was added to obtain a
helium concentration of about 5 %. Thereafter, the spirometer was attached
to the inlet of bellows 2 and the previous pathway between this inlet and the
large Douglas bag was closed by switching the clamp at ‘I’ (Fig. 3.2). Within
a few minutes the helium concentration in the spirometer and bellows 2 was
found to be stable, due to the continuous gas mixing by the movement of the
bellows. Next, the inlet capillary of the mass-spectrometer (Perkin Elmer,
MGA 1100) was attached to Y piece Yc to permit sampling of gases during
the lung volume measurements. The helium washin procedures are treated
in section 3.5.

3.4 The ventilatory procedures for the estimation of com-
pliance.

3.4.1 Pulse inflation and inspiratory pause

The inspiratory pause method (cf. Chapter 2) for the estimation of Cgg
was applied in all experiments. A special ventilatory procedure with an
inspiratory pause was defined for this method. Such a procedure always
started with an insufflation at the end of an expiratory phase in the normal
mechanical ventilation. The inspiratory pause procedure consisted of 1) an
inspiratory phase of 1-5 s at a constant flow rate, 2) an inspiratory pause
of several seconds, 3) an expiratory phase of 3.6 s. Because insufflation was
always performed at a constant flow rate, the pulse method in which Cgg is
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Figure 3.3 Airflow and changes in volume during an inspiratory pause procedure.

A) Airflow plotted as a function of time. I: Inspiratory phase (2.4 s), inflation volume
180 m), IP: Inspiratory Pause (1.5 s), E: Expiratory phase (3.6 s). In the last seconds of
each expiration airflow rate is close to zero. However, fluctuations around zero level are
usually observed due to movement of water in the waterseal (for the application of PEEP)
and cardiac interference.

B) Integrated airflow rate (volume-time course) during an inspiratory pause procedure.

The volume increase during inflation is linear.

derived from the pressure increase at constant flow (cf. Chapter 2), could be
applied simultaneously in these procedures. In Fig. 3.3A an example of an
inspiratory pause procedure is presented with an insufflation at constant flow
rate of a normal tidal volume during normal mechanical ventilation. At the
end of an insufflation the airway was occluded for 1.5 s. After this inspiratory
pause the piglet was allowed to breathe out passively. The flow rate was
observed to be constant within 0.3 s after the start of insufflation. Due to
small irregularities in the movement of the piston and the concertina bellows
small fluctuations in the ‘constant’ flow rate were often observed. During the
inflation, as presented in Fig. 3.3, the mean flow rate was 73 ml.s™! with a
standard deviation of 3 ml.s™!. In Fig. 3.3B the integrated signal of flow rate
is presented, giving a linear volume increase. After the inflation the airway
was occluded and airflow returned to zero causing a transient phase between
pulse flow level and zero level of maximally 0.3 s. The insufflated volume,
calculated by integration of the rate of airflow, was always found to be
identical to the volume imposed via the program controlling the ventilator.
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Figure 3.4 Ventilatory volume during two slow inflation-deflation procedures.

A) Stepwise inflation and deflation. In each step the volume change is 2.5 mlL.kg™ in 2.0 s
followed by a pause of 1.5 s.

B) Continuous slow inflation-deflation procedure. The rate of volume change is 2.5 mlL.kg™"
per 3.5 s. At end-inflation (25 ml.kg™*) an inspiratory pause of 1.5 s was inserted.

3.4.2 Slow inflation-deflation procedure

A stepwise slow inflation-deflation (SID) procedure was performed by defin-
ing 10 volume steps with an inspiratory or expiratory phase respectively of
2.0 s followed by a ventilatory pause of 1.5 s. Such a ventilatory pause was
performed by holding the position of the piston, however, without closing
the valve 2B. A slow deflation of the lungs was performed by commanding a
backward movement of the piston at the same valve states as during insuf-
flation (2B open, 2A and 2C closed). A continuous inflation (or deflation)
could be performed by defining 10 volume-‘steps’ with an inspiratory phase
(or expiratory phase) of 3.5 s without ventilatory pauses. Examples of the
imposed volume-time course of a stepwise and a continuous SID procedure
are presented in Fig. 3.4.

In the SID procedures we cancelled the concept of using only one buffer
for one ventilatory cycle, because the combination of a rather long ventila-
tory cycle time (= 60 s) and a large inflation volume (25 ml.kg™!) caused
an irregular movement of the piston, when only 200 positions could be set.
At the end of each volume step in the SID procedure we selected alternately
one of the special buffers, containing the positions of the piston and the
valve states of the next volume step. By updating these buffers at each step
during the SID procedure the piston was found to move ‘smoothly’.

Since the slow inflation-deflation procedures could be performed by the
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same ventilator, it was not necessary to disconnect the animal from the
ventilator or to change from a PEEP to a ZEEP, as was reported in the
majority of studies mentioned in section 2.4.

3.5 End-expiratory lung volume measurements.

We applied two methods to estimate the end-expiratory lung volume Vi, gg:
an open-circuit and a closed-circuit method. Both methods were based on
the dilution of an inert gas (helium) in the lung volume and the mass balance
for that gas.

3.5.1 The open circuit wash-in/wash-out method

Introduction. In the open circuit helium wash-in method the lungs were
ventilated during several cycles with a gas mixture containing about 5% He.
This ventilation usually took 15 cycles, i.e. 90 s. During the wash-in period
Vi,ee could be estimated at the end of each expiration by relating 1) the
inspired amount of helium since the start of the wash-in, 2) the expired
amount of helium since the start of the wash-in and 3) the helium fraction
which remained in the lung at the end of the expiration. This helium fraction
was assumed to be equal to the fraction at the end of that expiration, Fgg g..-
ViEg was calculated from [111]

fV.E[,Hc.dt — fV.FE’Hc.dt
Frp He

VLEE = (1)

where V is the airflow rate, Fry, the inspiratory fraction of helium,
Fg, g the expiratory fraction of helium and Fgg, g, the end-expiratory helium
fraction.

Although we calibrated the mass-spectrometer carefully, it would not
have been necessary in this situation to have an accurate calibration of the
He concentration. It is, however, of crucial importance to obtain 1) an ac-
curate estimate of tidal volume, 2) a correct zero level of the helium signal
and 3) a linear relation between the He concentration and the output sig-
nal. Tidal volume was calibrated before each experiment and could also
be determined by integration of the airflow. The zero level of helium was
determined before each wash-in procedure. Since the measurement of the
helium concentration was performed with the use of a mass-spectrometer
the linearity of the relationship between the concentration and the output
signal was assumed. We chose for a gas concentration of about 5% to obtain
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a reasonable signal-to-noise ratio which would not affect the concentrations
of the respiratory gases in the lungs too much.

Methods. To accomplish the open circuit wash-in, mechanical ventilation
was switched at end-expiration from bellows 1 with the normal ventilatory
gas mixture to bellows 2 containing 5% He in the normal gas mixture. Dur-
ing a wash-in period the ventilatory cycles were the same as during normal
mechanical ventilation. Therefore, we did not program a special ventilatory
procedure but merely switched from one bellows to the other. A constant
inspiratory helium concentration was maintained during the wash-in pe-
riod because for each cycle the bellows was filled with a gas mixture from
the spirometer. Although, theoretically, the inspiratory fraction of helium
(Frge) for each ventilatory cycle does not need to be the same during a wash-
in procedure, we used a constant Fy y, because it simplified the data analysis
and enabled us to recognize an equilibration in the intra-pulmonary helium
concentration more easily. In this situation the advantage of a spirome-
ter over a Douglas bag was its check on the tidal volume, delivered by the
ventilator.

A wash-in procedure could be ended and switched to a wash-out pro-
cedure either after a pre-set number of ventilatory cycles or by hand. In
the wash-out procedure ventilation was resumed by bellows 1. The alveolar
helium concentration gradually returned to zero. The wash-out of helium
from the lungs could also be used to estimate Vi, gg with an equation com-
parable to equation 1. Fig. 3.5 shows the He and CO, concentration signals
as functions of time during a typical wash-in procedure.

Data-analysis.

Stability of lung volume. The calculation of Vi, gg with equation (1) de-
manded a stable lung volume during the wash-in as well as during the wash-
out procedure. Stability of end-expiratory lung volume was achieved by
performing the wash-in ventilatory cycles during stationary conditions and
with the same ventilatory cycles as during normal ventilation. In measure-
ments with a mercury strain gauge around the rib cage of the piglets we did
not detect any change in thoracic circumference at end-expiration through-
out the procedure. This indicated a constant Vy, gg.

Alveolar helium concentration. The calculation of the amount of helium
which remained in the lung at end-expiration was based on the assumption
that the end-expiratory helium concentration reflected the average concen-
tration in the entire lung. If this assumption was valid and if the inspired
and expired amounts of helium could be accurately determined, then the
estimates of Vi, gg during subsequent ventilatory cycles in a wash-in should
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Figure 3.5 Gas concentrations during a open circuit wash-in procedure.
In this figure the respiratory airflow rate V and the gas concentrations of He and CO; (in

percentages of total gas) are plotted as functions of time.

all have been the same. Probably this assumption was not valid, because
mixing of helium in the lungs took more time than available during one cycle
of a few seconds. As a consequence end-expiratory lung volume was under-
estimated in the initial phase of a wash-in or wash-out period when changes
in concentration between inspiration and expiration were relatively large.
The estimates of Vy, gg increased in the first 4-8 ventilatory cycles, where-
after they became approximately constant. Therefore, Vi, gg was taken as
the mean value of these ‘stable’ values.
Inspired and expired amount of helium. We had serious problems in obtain-
ing reliable estimates of the total amounts of helium which were insufflated
and exhaled during each ventilatory cycle. This was caused by the uncer-
tainties in the multiplication of the flow rate (V) and the concentration of
helium, obtained from the pneumotachometer and the mass-spectrometer
respectively. Firstly, both signals were changing rapidly both during insuf-
flation and expiration, and secondly, mass-spectrometers produce distorted
signals due to time delays and finite rise times [9].

The response of the mass-spectrometer to a stepwise change in the he-
lium concentration is shown in Fig. 3.6. Such a response was obtained by
switching between different gases, by using fast valves with closing times of
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Figure 3.6 Response of the mass-spectrometer.

In this figure the response of the mass-spectrometer to a stepwise increase in helium
concentration is presented. This response has been sampled at 250 Hz. The time delay
(220 ms) between the stepwise change and the moment the concentration was at 50 % of

the response was used to correct the mass-spectrometer signals.

10-15 ms ( Kuhnke, micro-solenoid valves). The time delay of the He-signal
with respect to the V~signal was found to be 220 # 10 (SD) ms. In all anal-
yses we corrected the gas signals for this time delay. The step response had
a rise time of ~ 28 ms for an increase from 10 to 90% of the signal, which
was considered sufficiently fast to calculate the expired amount of helium.

Fig. 3.7 shows the flow rate signal (Panel A) and the helium signal
(Panel B) as functions of time during a typical expiration in a wash-out
procedure. Because flow rate was high in the early phase of expiration 90%
of the volume was expired within 1 s (see Panel C). An accurate estimation
of the expired volume was jeopardized, because the sharp increase in the
flow rate at the start of an expiration could have been beyond the linear
response of the pneumotachometer [84]. Due to the dead space in the lungs
a considerable volume of about 50 ml was exhaled before the concentration
of helium was found to increase. In the same figure (Panel D) three calcu-
lations of the expired amount of helium are presented, in which the helium
signal has been corrected for a delay of 200, 220 and 240 ms respectively. It
is obvious that a small error in the estimation of the time delay between flow
and concentration signal might cause errors in the estimation of the expired
amount of helium, and thus of Vi, gg. Changing the delay time from 220 ms
to 200 ms caused a shift of 8 ml at an end-expiratory lung volume of about
190 ml (4%).

To avoid the problems related to the determination of the expired volume
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Figure 3.7 The influence of the time delay of the mass-spectrometer on the calculation
of the expired amount of helium.

A Airflow rate Vg during an expiration in an open circuit heium wash-out procedure
B He concentration (corrected for a delay of 220 ms) during this expiration
C Expired volume Vg obtained from integration of Vg

D Expired volume of helium, using the delay of 220 ms and two other delays of 200
and 240 ms respectively.
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Figure 3.8 Schematic presentation of the test lung.
Components: B: Bellows, F: Frame, I: In and outlet of the bellows, S: Spring.

of helium the expiratory gas can be collected in a ‘bag in box’ system,
in which the pressure around the bag, is held at the same positive end-
expiratory pressure as is used during the normal mechanical ventilation.
This method has been described by e.g. Hickham et al. [40] and Emmanuel
et al. [25]. After collecting some expirations the amount of helium in the
bag can be estimated by measuring the mixed helium concentration and by
measuring the collected gas volume by means of a spirometer.

This collection could not be easily integrated in the rather complex ex-
perimental set-up of our experiments. Therefore, we calculated the expired
volume of helium by numerical integration.

Effect of additional dead space in the sampling system.

In the experiments, to be presented in the following chapters, the inlet cap-
illary of the mass-spectrometer was attached to a Y piece (see Fig. 3.2, com-
ponent Yc) with a small sidearm on it. We investigated the effect of such a
sidearm on the delay and rise time of the mass-spectrometer response and
found that in this situation step responses were distorted. This was proba-
bly caused by a small amount of dead space (about 0.5 ml) in the sidearm
of the Y—piece which affected the delay time. The distortion might have
caused a systematic error in the estimation of the absolute lung volume in
this ‘open-circuit helium dilution’ technique.

Therefore, we examined whether the open wash-in method could discrim-
inate between small changes in lung volume, in spite of the aforementioned
additional dead space in the sampling system. This was done by using a
test lung. The test lung (Fig. 3.8) consisted of a prototype of a computer
controlled ventilator with one bellows, which was used after removal of the
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valves and disconnection from the ball screw between the motor and the
piston, and after construction of a spring between the piston and the frame
to introduce a recoil pressure acting on the bellows. With this set-up and
with the additional 0.5 ml dead space in the mass-spectrometer sampling
catheter the end-expiratory volume was estimated, Vy, gg(e). The real end-
expiratory volume of the test lung, Vi, gr(r) was determined by relating the
helium concentration in a syringe to the equilibrium concentration in the
system formed by the test lung and the syringe after connecting the syringe
to the test lung at end-expiration. This technique was essentially a closed
helium dilution technique, which is treated in the next subsection. Both
volume estimates were found to be related via

VL’EE(e) =31+ 0-78-VL,EE(1') (7’ = 0.999) (2)

It was unclear whether this systematic error in the estimation of Vi, gg
could be used to correct the lung volume determinations in the experiments
which are described in Chapters 4 and 5. However, since the estimates
of end-expiratory lung volume were only used to monitor stability of lung
volume in those experiments, we concluded that the open circuit helium
dilution technique met our requirements satisfactorily. For the estimation
of the absolute lung volumes (Chapter 6) we used the closed circuit helium
dilution technique.

3.5.2 The closed circuit wash-in method

Introduction. The closed circuit method for the estimation of the end-
expiratory lung volume is probably best explained by referring to the closed
system He dilution technique with the use of a syringe. When a certain
volume in a syringe (V,y-), which contains a fraction of helium, F,y,, is
added to an unknown volume (V), this volume can be estimated according

to the equation

V = V gy e~ Fea) 3)

Feq

where F.q is the helium fraction at equilibrium in the total volume, which
is the volume of the syringe plus unknown volume. As in the open circuit
method an accurate zero level is needed without the necessity to know the
absolute concentration exactly. It is sufficient to know the relative changes
in the helium concentration.
Methods. This method was automatically performed with the computer
controlled ventilator. At the end of a2 normal expiration bellows 2 containing
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Figure 3.9 Gas concentrations during a closed circuit wash-in procedure.
In this figure the gas concentrations of He, COz, O2 and N (in percentages of total gas)

and the respiratory airflow rate V are presented as functions of time during a closed system

wash-in procedure.
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about 5% He in the normal ventilatory gas mixture was connected to the
lungs. Then, the piston continued as during normal mechanical ventilation,
however, with a different state of the valves. Only valve 2B was opened and
both inflation and deflation were controlled by the decreasing and increasing
volume of bellows 2 (bellows 1 was in ‘flush mode’, see section 3.2.2). After
a pre-set number of ‘rebreathing’ cycles, which was usually taken at 6 cycles,
i.e. 36 s, normal mechanical ventilation was resumed by bellows 1 and was
started as usual with a normal passive expiration. In the last part of this
36 s ‘rebreathing’ period the helium concentration was found to be constant,
i.e. equilibrated, and Vi, gg could be calculated via a formula comparable
to equation 3, but with corrections for dead spaces in the ‘rebreathing sys-
tem’. Fig. 3.9 shows the gas concentrations as functions of time during a
closed-circuit wash-in procedure.

Data-analysis. The calculation of the end-expiratory lung volume with
the closed-circuit helium dilution technique required information 1) on the
volume which was present in the bellows at the moment the wash-in was
started, 2) on the concentration of He in the bellows at that time, 3) on the
volume of the tubes between ventilator and lungs, 4) on the He fraction after
equilibration (Fey) and 5) on mechanisms acting on F.4, as e.g. continuous
gas exchange.

Volume of the bellows.  The volume in the bellows was always larger
than the volume which had to be insufflated, because a gap remained in
the ventilator when the piston was in its "most” forward position, despite
of the soft filling body mentioned in section 3.2.1. This remaining volume,
which we have called the ‘dead space’ of the bellows, was calculated from
a closed-circuit helium dilution procedure with the use of a small balloon
with known volume directly attached to the B valve of the ventilator. The
calculated dead space was 30 to 70 ml dependent on the experiment. This
large range in dead space volume was primarily caused by adjustments to
the electronics of the ventilator between experiments, which were sometimes
needed to have optimal control of the servo-system of the ventilator. Before
each experiment we have measured the dead space of the bellows.
Inspiratory helium concentration. The helium concentration in the bellows
was measured during the first inflation of the wash-in period by means of the
mass-spectrometer sampling at the Y piece (see Fig. 3.2, component Yc).
Dead space of the tubes. The dead space of the tubes (Vd,tube) between
ventilator and lungs was determined by doing the wash-in technique on a
balloon with known volume, using the earlier obtained value for the dead
space in the bellows. Vd,tube was 29 & 1 (SD) ml, n=3. This dead space
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turned out to be significantly smaller than the total dead space in all tubes
between ventilator and lungs, which was 47 ml (determined with water).
We attributed the difference between both values to the sideways of tubes
(‘cul de sacs’), which did not participate in the wash-in, as for instance
the tubes between bellows 1 and Y-piece Yc¢ (see Fig. 3.2). Although end-
expiratory lung volume measurements (and the ‘rebreathing procedures’, cf.
Chapter 6) were done with different airflow rates and different ventilation
volumes, which may have caused slight differences in mixing of the helium
in the transitional zones of the sideways, it was assumed that effective dead
space in the tubing was the same as that estimated with the balloon, i.e.
Vd,eff = 29 ml. This value is used in the lung volume calculations.

Helium concentration after equilibration. The helium gas mixture was usu-
ally equilibrated after 6 ventilatory cycles. To avoid errors due to the small
remaining fluctuations in the concentration, the equilibrium value was de-
rived by averaging the helium concentration over the last ventilatory cycle.
Continuous gas exchange during the procedure. In general practice the
closed-circuit helium dilution technique is accomplished at a constant vol-
ume. Expiratory CO, is removed by a soda-lime absorber and O, is supplied
to compensate for the volume loss by oxygen uptake. Until now we did not
use CO, absorbers during the closed-circuit helium dilution technique to
remove the CO, from the gas mixture. As a consequence this technique has
many similarities to the ‘rebreathing procedures’ mentioned in Chapter 6.
In that chapter we have discussed aspects of gas exchange during such pro-
cedures and argued that a sustained oxygen uptake, and a decreasing CO,
output are likely to occur. Assuming a constant amount of Ny in the total
system (bellows, tubing and lungs) the increasing concentration of Ny dur-
ing a closed-circuit helium dilution technique points to a decrease in volume
of the total system. The volume loss caused a decrease of the fall in O,
concentration and an increase of the rise in CO, concentration. The equi-
librium concentration of helium, which was obtained after a closed system
ventilation of about 36s, also will have been too high. We corrected the
V1 gE value for the change in lung volume due to continuous gas exchange,
based on the assumption of a constant amount of N in the total system.
This correction was found to be about 15 ml which was about 10 % of the
end-expiratory lung volume.

Check of measurements with an artificial lung. It is an advantage of the
closed-circuit method that the dynamic response of the mass-spectrometer
is not crucial whereas it is in the ‘open-circuit’ method. The closed-circuit
helium dilution method has been checked on an artificial lung as previ-
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ously described (section 3.5.1). In test measurements the dead spaces in
the bellows and tubes were separately determined in a way which was dis-
cussed earlier in this section. The real volume in the test lungs Vi, gg(r) was
also estimated by means of a closed circuit helium dilution technique with
a syringe, without using the ventilator and the tubes between ventilator
and lungs. This value was compared with the estimates Vi, gg(e) derived
from the closed-circuit helium dilution technique with the ventilator. At an
Vy,gr(r) of 85, 150 and 210 ml the maximum deviation between Vi, gg(e)
and Vi, gg(r) was 7 ml in repeated measurements (at least 3 at each volume
level), whereas the standard deviation of lung volume estimates in repeated
measurements at the same volume level was 3 ml. This accuracy was con-
sidered good enough for our analysis.
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CHAPTER 4

THE INSPIRATORY PAUSE
METHOD

4.1 Introduction.

In clinical routine and (patho-) physiological research several methods have
been applied for the estimation of Cgrg during mechanical ventilation. In this
chapter our study on one of these methods, the inspiratory pause method is
presented. Furthermore, quasi-static pressure-volume curves are described.
These curves were obtained by combining the pressure and the volume data
of the inspiratory pause procedures with different inflation volumes. Another
estimate of total respiratory compliance was derived from the slope of these
P-V curves.

Ventilatory manoeuvres with an inspiratory pause have been applied
in our laboratory in several studies with healthy mechanically ventilated
piglets [54,104]. A common, non discussed, finding in those studies was a
sustained gradual decrease in airway pressure during pauses of a few seconds.
However, in the literature stable plateau pressures were frequently reported
in inspiratory pauses of 1.5 s [10,13,90].

Because of the sustained pressure fall during an inspiratory pause in our
observations we wondered whether a pause of 1.5 s would cause an overes-
timation of the plateau pressure and, thus, would cause an underestimation
of CRS-

Therefore, we did a series of observations during inspiratory pause pro-
cedures in mechanically ventilated piglets. To study the effect of differences
in inflation volume and inflation rate on the expected overestimation of the
airway pressure after a pause of 1.5 s the procedures were performed by
insufflation of volumes ranging from 0 to 25 ml.kg™! in 1 to 5 s. An inspira-
tory pause of 9 s was chosen in all procedures, in order to obtain a reliable
estimate of the plateau pressure. Using the pressure and volume data of
the different inspiratory pauses we composed a quasi-static P-V curve of the
respiratory system. The linear part of such a P-V curve was determined and
the slope of this linear part was also interpreted as an estimate of Cgs.

Since the observed gradual decrease in pressure during an inspiratory
pause might be related to changes in the volume of the respiratory system,
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we used a mercury strain gauge around the thorax of the pig to measure
changes in intra-thoracic volume. So, this strain gauge was used as a check
on the stability of lung volume during the pause.

In the same experiments, different methods for the estimation of Cgs
during mechanical ventilation were applied. The inflation at constant flow
rate during the inspiratory pause procedures enabled us to estimate Cgg
according to the pulse method. We also performed slow inflation-deflation
procedures to derive compliance estimates from the inflation and the defla-
tion limb of the P-V loop. The evaluation of these methods for estimation of
Cgrg is described in the next chapter. In this chapter we focus our attention
on the time course of pressure and volume during inspiratory pauses.

4.2 Methods and material.
4.2.1 Surgical procedure

Four healthy Yorkshire pigs (5-7 wk old, 8.5-9.7 kg body weight) were anaes-
thetized with pentobarbital sodium (30 mg.kg™! i.p.). After a tracheostomy
between the second and third tracheal ring a metal Y-shaped cannula was
inserted into the distal part of the trachea. Special attention was given to an
airtight fixation. A four lumen catheter served for measuring central venous
pressure, P, and infusions of drugs. A Swan-Ganz catheter was inserted
for monitoring the pulmonary arterial pressure, Pp., and sampling mixed
venous blood. A polythene one lumen catheter was used to obtain systemic
arterial pressure, P.,, and to sample arterial blood. After surgery anaes-
thesia was maintained by a continuous infusion of pentobarbital sodium
(7.5 mg.h~1Xkg™! , i.v.). Next, the animals were paralysed with a loading
dose of d-tubocurarine hydrochloride (0.1 mg.kg™! i.v. in 3 min.), followed
by a continuous infusion of 0.2 mg.h~? kg~? to avoid spontaneous breathing
activity. The animals were mechanically ventilated in supine position on a
thermo-controlled operating table for maintenance of body temperature.
Throughout the experiments the haemodynamic data were monitored
continuously and the blood gases and the acid-base variables were measured
intermittently in order to check the general condition of the animals.

4.2.2 Measurements and estimations

Blood pressures were measured with Statham transducers (P23De). The
electrocardiogram (ECG) was used to monitor heart function, to calculate
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heart rate and to average several signals over a cardiac cycle, derived from
the R-R intervals.

Airflow (V) was measured by a Fleisch pneumotachometer no. 0 (Sen-
sormedics (Godart), Holland) close to the tracheal cannula. Inflation vol-
umes were calculated by integration of the airflow rate signal. Changes in
lung volume determined from the integration of V were called AVgr,.

The pneumotachometer was calibrated before each experiment by insuf-
flating a calibrated spirometer via the flowhead of the pneumotachometer
with the same gas mixture as was used during normal mechanical ventila-
tion. The ventilator, used for the mechanical ventilation, was also calibrated
by inflation of this spirometer.

The mercury strain gauge, which is also called ‘mercury cord’ (MC) in
the next chapters, was positioned around the thorax at the level of the caudal
part of the sternum. The mercury cord was fixed to the skin of the pig to
avoid position changes during mechanical ventilation, yet without hindering
length changes. Changes in lung volume determined from the mercury cord
were called AVyc.

Tracheal pressure (Pr) was measured at a small side arm of the tracheal
cannula with the use of a pressure transducer (Hewlett-Packard type 270)
and was calibrated in each experiment by means of a water manometer.

Blood gases and acid-base variables were measured in arterial and mixed
venous blood by means of an automatic blood gas analyser (Radiometer
ABL3). O, saturation and haemoglobin values were measured with an
oximeter (Radiometer OSM2). Inspiratory and mixed expiratory gases were
analysed with a mass-spectrometer (Perkin Elmer, MGA 1100), which sam-
pled gas at a flow rate of 0.94 ml.s™! from the tube between ventilator
and tracheal cannula. The mass-spectrometer was frequently calibrated by
means of an accurate gas mixing pump (H. Wésthoff, Bochum).

Lung volume at end-expiration was estimated by an open circuit helium
dilution (wash-in and wash-out) technique (cf. Chapter 3, page 32).

Oxygen consumption during normal mechanical ventilation was calcu-
lated from the tidal volume and the inspiratory and mixed expiratory gas
concentrations, assuming a constant amount of N, in the lungs [81].

Mechanical ventilation was performed with the use of the computer con-
trolled ventilator as described in detail in Chapter 3. Ventilatory rate was
10.min"! and the inspiration-expiration time ratio was 40:60. Tidal vol-
ume was adjusted to maintain arterial CO, tension (P, co,) between 38
and 45 Torr. Once such a P, co, was established, tidal volume was kept
constant at 20.7 £ 0.8 (SD) ml.kg~! BTPS throughout the experiment. The
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animals were ventilated with a gas mixture of 95 % O2 and 5 % He to pre-
vent hypoxemia during the special manoeuvres and in particular during the
slow inflation-deflation procedures in these experiments. A PEEP of about
2 cm H;O was applied by means of a waterseal to avoid atelectasis.

4.2.3 Observations

After a period of stabilization, following the surgical procedures, observa-
tions were started with two determinations of Vi, gg by means of the open-
circuit wash-in and wash-out technique. Thus, each determination produced
two estimates. Then, three slow inflation-deflation procedures were per-
formed at 15 minute intervals (series *A’). These procedures were character-
ized by a slow inflation and subsequent deflation of a volume of 25 ml.kg™?
in about 70 s. They are described in detail in the next chapter. Fifteen
minutes after the third slow inflation-deflation procedure lung volume was
determined again and a series of twenty-two different inspiratory pause pro-
cedures was performed in a random sequence (series ’A’). During the inspi-
ratory phase in these procedures a volume of 0 - 25 ml.kg™! was insufflated
in1- 5 s and flow rates varied from 0 - 17.5 ml.s"*.kg~. An insufflation
of zero volume means actually a prolonged pause at end-expiration. The
inspiratory pause procedures were characterized by 1) a normal (passive)
expiratory phase, 2) a constant flow rate during the inflation, and 3) an
inspiratory pause of 9 s (cf. Chapter 3). Immediately after each inspiratory
pause procedure normal mechanical ventilation was resumed for 5 min in or-
der to maintain stable haemodynamic and ventilatory conditions throughout
the experiment. After another determination of lung volume the three slow
inflation-deflation procedures were performed again (series 'B’) followed by
a lung volume determination and a second series of 22 inspiratory pause
procedures (series ‘B’). Finally, another measurement of Vi, gy was done.
Maximally, 12 estimates of Vi, gg were obtained throughout an experiment.
However, as is specified in the results section, not all data were obtained
because of various technical reasons.

4.2.4 Air leakage

A crucial condition for accurate estimations of compliance is an airtight pul-
monary and ventilatory system during the procedures. Therefore, the tubes
and ventilator were checked twice on air leakage during each experiment.
After an inflation of 25 ml.kg™?! the tube between the tracheal cannula and
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the ventilator was clamped manually for about 30 s. Gas pressure was mon-
itored both at the side of the lungs and at the side of the ventilator. No
significant changes in pressure in the ventilator and tubes were detected,
whereas the pressure fall in the tracheal cannula was similar to the pressure
fall without clamping the tube.

As an extra precaution and to eliminate the compliance of the ventilator
and its tubing an electromagnetic valve was placed in the tubing at the
tracheal cannula (cf. section 3.3). This extra valve was only closed during
the pauses in the inspiratory pause procedures.

4.2.5 Data analysis

Monitoring. All signals were displayed on a Hewlett Packard 7758A. chart
recorder throughout the entire experiment to monitor the haemodynamic
and ventilatory conditions of the animal. The signals were filtered by low
pass filters (-3 dB frequency 10 Hz, 12 dB/oct) to suppress high frequency
noise. During the special procedures the signals were stored on magnetic
tape (RACAL Store 14 recorder) and sampled by a computer (DEC PDP
11/03) with a sample frequency of 100 Hz and stored on disk. All calcula-
tions and analyses were done off-line.

Calibration of the mercury cord. With the use of different inflation vol-
umes in the 22 inspiratory pause procedures we could calibrate the mercury
cord by relating its change in resistance (ARpyg) to the applied tidal vol-
ume, obtained by integration of the airflow signal (change in volume AVFy,).
For the change in resistance ARy we took the difference between the re-
sistance over the first 0.5 s of the inspiratory pause and the resistance at
end-expiration. We took ARp¢ as a substitute for the change in thoracic
volume. The relationship between AVyy, and ARyc could be compressed
into a second degree polynomial function, which was used as the calibration
characteristic for detection of changes in thoracic volume (AVyc) by the
mercury cord.

It has to be emphasized that AVyy, represents the input volume (= tidal
volume), whereas AVyc represents the actual change in thoracic volume.
AVpy, and AVye may differ when there is a change in lung volume due to
continuous gas exchange at a respiratory gas exchange ratio different from
1 or a loss of pulmonary blood volume during insufflation.

Considering a maximal expected volume decrease of &~ 1 ml.s~!, which is
about equal to the oxygen uptake in mechanically ventilated piglets weighing
10 kg, the decrease in lung volume during the insufflation was calculated to
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be maximally 5 % (no insufflation was longer than 2 s. at 5 mlkg™?!
and longer than 2.5 s at 7.5 mlkg™!). However, considering a steady state
respiratory exchange ratio between 0.7 and 1.0 we may predict an error of
maximally 1.5 %.

The loss of pulmonary blood volume may have caused a maximal error
of 4%. Versprille et al. [105] observed under similar circumstances as in our
experiments a loss of pulmonary blood volume of maximally 1.2 ml per 30
ml inflation volume.

We regarded a total error of 5-6 % acceptable for our analysis.

Volumes AVye and AVyy, are given in BTPS values, i.e. corrected for
differences in temperature, humidity and pressure.

We have also studied the feasibility of a mercury cord around the ab-
domen for the estimation of changes in lung volume. We calculated the ratio
between the change in resistance of a mercury cord around the rib cage and
that of a mercury cord around the abdomen and found no significant dif-
ferences in the ratios in the volume range from 0 to 20 ml.kg™, indicating
no variation in thoracic-to-abdominal partitioning of volume. Therefore,
the strain gauge around the rib cage could monitor changes in lung volume
adequately for the selected volume interval between 4 and 12 ml.kg™1.

Moreover, the abdominal strain gauge appeared not to be useful for de-
tecting small gradual volume changes in the abdominal compartment during
inspiratory pauses because of a rather poor signal-to-noise ratio very prob-
ably due to continuous peristaltic movements of the intestine.
Compliance estimates and quasi-static P-V curves. Total respira-
tory compliance was calculated at 1.5 and 8.5 s in the inspiratory pause.
Because of the influence of cardiac oscillations on tracheal pressure tracings
we always interpolated between two cardiac cycles when the pressure at a
specific time had to be calculated. This is the reason why the pressure at
8.5 s instead of 9.0 s has been used for the calculations. These compliance
estimates are called Cyp ;5 and Cyp g5 respectively.

For the calculation of the compliance an accurate estimation of the
change in lung volume between end-expiration and inspiratory pause was
needed. Based on AVyy, this volume was always equal to the insufflated
volume. However, when the change in lung volume was derived from the
mercury strain gauge AVye, the volume at 1.5 and 8.5 s inspiratory pause
usually deviated from the insufflated volume. Therefore, Crg was derived
both from 1.5 s and 8.5 s, using both estimates of changes in lung volume.
All compliance values were normalized to the body weight of the piglets and
are therefore expressed in ml.cm H,O~1.kg™! (BTPS).
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A quasi-static P-V curve (PVip) was composed out of each series of 22
inspiratory pause procedures by fitting a polynomial function of the third
degree to all inflation volumes and tracheal pressures at 8.5 s inspiratory
pause (Ppgs). Such a third degree polynomial function appeared to be
a satisfactory mathematical description. A higher order function did not
improve the minimal errors of the fit. The curve yielded an approximately
linear relationship between 4 and 12 ml.kg=!. The slope of this linear part
of the curve was calculated by a linear regression technique, using only those
inspiratory pause procedures with volumes between 4 and 12 ml.kg™?, and
was considered to be an estimate of the slope of the static P-V curve of the
respiratory system. This compliance estimate is called Crp 4 (sl = slope).
Statistical analysis. Statistical analyses were performed using the test
procedure of Fisher-Behrens, which tests the equality of means with unequal
sample size and possibly unequal variances [91]. p values of < 0.05 were
regarded as significant.

4.3 Results.
4.3.1 Lung volume measurements

A systematic trend in the end-expiratory lung volume throughout the ex-
periments could not be detected. Normalized to body weight, lung volume
was 17.4 £ 0.7 (SD) ml.kg™! (n=10), 16.4 & 1.4 (SD) ml.kg™! (n=12) and
15.0 & 1.8 (SD) mlkg! (n=11) in piglets 2 to 4 respectively (n: the num-
ber of observations per experiment). In piglet 1 end-expiratory lung volume
could not be measured because of technical problems. As was discussed in
Chapter 3 ( page 37) a systematic error in the open circuit wash-in and
wash-out technique probably affected the above mentioned lung volume es-
timates.

4.3.2 Pressure and thoracic volume during an inspiratory pause

Pressure change during an inspiratory pause. Pressure was generally
found to decrease gradually during the entire inspiratory pause of 9 seconds
and consequently no unambiguous plateau pressure could be defined. In
Fig. 4.1 the pressure decay in pauses at different inflation volumes is dis-
played by plotting the actual pause pressure with respect to the pressure at
8.5 s in the respective inspiratory pauses. Therefore, all tracings intercept
the X~axis at 8.5 s. We have pooled procedures of all experiments in which
inflation volume was 5, 15 or 25 ml.kg™? (tracings A, B and C respectively
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Figure 4.1 Changes in tracheal pressure during an inspiratory pause.

Tracheal pressure Pp above the tracheal pressure at 8.5 s pause (Prg.5) versus time for

inflation volumes of 5, 15 and 25 ml.kg™" (tracings A, B and C respectively). The vertical

bars represent the standard deviations plotted at 0.5 s intervals in the inspiratory pauses.

Figure 4.2 Changes in thoracic volume during an inspiratory pause.

Change in intra-thoracic volume, obtained from the mercury cord, with respect to the

volume at 8.5 s pause as a function of time for inflation volumes of 5, 15 and 25 mlkg™?

(tracings A, B and C respectively). The vertical bars represent the standard deviations

plotted at 0.5 s intervals in the inspiratory pauses.
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in Fig. 4.1). It is obvious that pressure was not constant during any part
of the inspiratory pause. Larger changes in pressure during the inspiratory
pauses were observed after larger inflation volumes. Visual inspection of all
pressure decay curves gave us the strong impression that the slow gradual
decrease in pressure during an inspiratory pause at low inflation volumes
(e.g. 5 mlkg™!, tracing A) behaved like a linear function of time, whereas
the pressure decrease at large inflation volumes (25 ml.kg™?, tracing C) was
curved like an exponential function.

Thoracic volume changes during an inspiratory pause. The inspi-
ratory pause method for estimation of Crg started from the assumption of
a constant volume of the respiratory system during the inspiratory pause.
This assumption appeared to be invalid in our experiments. In all procedures
we detected a slow gradual decrease in volume throughout the pause. To
demonstrate the changes in intra-thoracic volume we have plotted (Fig. 4.2)
the volume-time course with respect to the intra-thoracic volume after a
pause of 8.5 s, similar to the plot of the decrease in pressure in Fig. 4.1. We
also chose for the same procedures as were used in that figure, i.e. we have
pooled procedures with volumes of inflation of 5, 15 and 25 ml.kg™?, respec-
tively. In contrast with the changes of Pp the largest changes of volume
during the inspiratory pauses were found after insufflation with the lowest
volumes (5 ml.kg™?, tracing A).

We have quantified the rate of the slow volume decrease by calculating
the slope of volume-time course between 6 and 9 s in the inspiratory pause by
means of a linear regression technique. The slope of the volume-time course
was found to be negative in all inspiratory pauses. The rate of the change
in lung volume was found to be on average -0.11 £ 0.05 (SD) ml.s~1 kg™?
(n=14) after 5 ml.kg~! inflations and -0.05 & 0.02 (SD) ml.s~ kg™ (n=35)
after 25 ml.kg~! inflations. Using insufflation volumes in between we found
rates of volume decrease between both values.

4.3.3 Quasi-static pressure-volume curves

Pressure-volume (PVyp) curves of the respiratory system were obtained in
each series ‘A’ and ‘B’ by fitting a polynomial function through the pressure
and volume pairs at the end of the 22 different inspiratory pauses. In Fig. 4.3
such a P-V curve (continuous line) is presented in combination with the 22
P-V pairs of one series. For this continuous curve we used the AVyc values.
The P-V curve intercepts the pressure axis at the PEEP level. When we
used the AVpy values for the determination of the P-V curve this curve
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Figure 4.3 Quasi-static P-V curves PVip.
The continuous line is the polynomial fit through the individual data of airway pressure
and change in lung volume, based on the mercury cord, obtained at 8.5 s pause in 22
different inspiratory pause procedures. The ‘+’ symbols represent individual data. The
dotted line represents the P-V curve from the same procedures but with changes in volume

based on integration of the airflow.

shifted upwards (dotted line), because then the change in lung volume was
overestimated.

4.3.4 The relationship between pressure and volume decrease

To investigate whether the pressure decrease during an inspiratory pause
depended on a decrease in volume or not, we plotted the changes in Pt and
Vme of three inspiratory pause procedures in a diagram of the PVip curve
(Fig. 4.4). This curve was also based on AVyy¢. The inflation volume of the
three procedures was 5, 15 and 25 ml.kg™? respectively. Inspiratory flow rate
was 5 ml.s~1.kg™! in these procedures. During the last few seconds of the
inspiratory pause after insufflation of the low volume the pressure-volume
course coincided with the quasi-static P-V curve (PVip). This coincidence
indicates that this part of the decrease in pressure was mainly due to a
decrease in lung volume. At the largest insufflation volume, however, the fall
in lung volume and pressure during an inspiratory pause did only coincide
with the PVyp curve after 8.5 s, indicating that the fall in pressure was
mainly based on other mechanisms than a loss of lung volume.
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Figure 4.4 P-V tracings during inspiratory pause procedures.

Pr and the change in intra-thoracic volume during inflation and subsequent inspiratory
pause for three different procedures. Inflation volumes were 5, 15 and 25 ml.kg™* (ATPD)
at a flow rate of 5 mLs™*.kg™". The continuous line PVyp is the quasi-static P-V curve
as obtained for Fig. 4.3.

4.3.5 Comparison of compliance estimates based on the inspiratory pause
method

Because of the overall nonlinearity of the P-V relationship of the respiratory
system we compared compliance estimates only when inflation volume was
in the range from 4 to 12 ml.kg™!. In this volume range the quasi-static
P-V curve was approximately linear. Therefore, only part of the inspiratory
pause procedures was used for the comparison. All estimates of compliance
were normalized to body weight (ml.cm H,O~1kg™!). The mean values
and standard deviations are presented in Table 4.1. In the third experiment
series ‘B’ was not measured.

The loss of thoracic volume during the pause points to a gradually in-
creasing difference between lung volume after inflation and the actual lung
volume during the pause. This volume difference determines the differences
found between the corresponding compliance estimates. When integration
of the airflow was used for the calculation of the change in lung volume,
the compliance estimate Crp g5 derived from the 8.5 s pause period was sig-
nificantly higher than the compliance Cip 15 derived from the 1.5 s pause
period.

However, when the volume change was measured by means of the mer-
cury strain gauge the compliance estimates at 1.5 and 8.5 s inspiratory
pause were not significantly different. Both estimates (Crp 15 and Crpg;)
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TABLE 4.1

Estimates of total respiratory compliance.

Pig Crpss Crp1s Crpa
AVgy, AVme | AVer, AVme | AVen AVnc
1A 1.60 1.41 1.42 1.36 1.55 1.63
(0.04) (0.08) | (0.05) (0.20) | (0.06) (0.07)
1B 1.57 1.40 1.42 1.37 1.55 1.70
(0.04) (0.16) | (0.07) (0.23) | (0.06) (0.09)
2A 2.11 1.66 1.73 1.55 1.88 1.91
(0.11)  (0.11) | (0.08) (0.09) | (0.10)  (0.06)
2B 2.14 1.69 1.75 1.60 1.90 1.89
(0.10)  (0.08) | (0.06) (0.06) | (0.07) (0.04)
3A 1.44 1.29 1.27 1.22 1.38 1.43
(0.04)  (0.06) | (0.06) (0.06) | (0.08) (0.03)
4A 1.63 1.31 1.34 1.26 1.56 1.63
(0.06) (0.12) | (0.07) (0.08) | (0.08) (0.05)
4B 1.28 1.06 1.07 1.01 1.06 1.14
(0.12)  (0.09) | (0.09) (0.07) | (0.20) (0.14)
mean 1.68 1.40 1.43 1.34 1.55 1.62
(0.31)  (0.22) | (0.23) (0.22) | (0.29) (0.27)
n=42 n=42 n=42 n=42 n=7 n="T7

Compliance estimates, expressed in ml.emH,07 kg™, obtained from inspiratory pause
procedures, with inflation volumes between 4 and 12 mlkg
standard deviations are give in parentheses. In the third experiment series ‘B’ was not
measured. CIP,8.5 is the estimate of Crs derived from inspiratory pauses of 9 s at 8.5 s
from the start of the pause. Clp,1.5 is calculated like Clp13‘5 but from an inspiratory
pause of 1.5 s instead of 8.5 s. CIP,sl is the compliance estimate derived from the quasi-
static P-V curve. The standard deviation of Cyp 5) was derived from the linear regression

analysis. All compliance estimates were calculated with the use of the two measurements

of changes in lung volume: AVpy and AVyc.
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in four experiments. The




were smaller than the compliance Cip g derived from the slope of quasi-static
P-V curve when changes in volume were measured by the mercury strain
gauge.

4.4 Discussion and conclusions.

We studied end-expiratory lung volume throughout the experiments because
changes in lung volume as such affect the values of compliance. No system-
atic trends in the end-expiratory volumes were found. Therefore, the values
of compliance obtained at different moments in the experiments were feasible
for comparison.

4.4.1 AVyme and P relationship during an inspiratory pause

The decrease in thoracic volume during an inspiratory pause could be at-
tributed either to a decrease in intra-thoracic blood volume or to a decrease
in lung volume or to both.

In other experiments in our laboratory a decrease in pulmonary blood
volume was found during insufflation and the first two seconds of the inspi-
ratory pause. Thereafter, cardiac output at the right and at the left side
of the heart were similar again [104]. This supports the assumption that
pulmonary blood volume is constant during the remaining part of an inspi-
ratory pause. Therefore, it is unlikely that a sustained gradual decrease in
pressure during a maintained inspiratory pause could depend on a further
loss of intra-thoracic blood volume.

An explanation for a decrease in lung volume might be the continuous
gas exchange [19,44,59,73,79]. Oxygen uptake from the lungs, in the pres-
ence of a high oxygen concentration due to Fr o, = 0.95 can be considered
as constant throughout an inspiratory pause of 9 s. In the meantime the
CO; transfer from blood to lungs will decrease due to the decreasing gra-
dient between CO, tension in the blood and the alveolar gas. Therefore,
eventually the decrease in lung volume will approximate the same rate as
oxygen uptake [44,73]. Hong et al. [44] reported a lung volume decrease
similar to the steady state oxygen consumption within 30 s, and Mithoefer
(73] reported that the volume decrease was constant after 100 s. However,
oxygen uptake during an inspiratory pause will not necessarily be similar to
oxygen uptake (Voz) during the preceding steady state ventilation.

Both oxygen uptake and CO, output will depend on several mechanisms.
Exchange of these gases is expected to be decreased when the lung perfusion
is reduced after inflation of a large volume, due to a high intra-thoracic
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pressure [37,104]. Moreover, the gradient between the CO, tension in blood
and alveolar gas is probably less reduced when the CO, buffer capacity of
the gas volume is large at large volumes. Both mechanisms may explain
the greater loss of lung volume during an inspiratory pause at low inflation
volumes compared to the loss of volume during an inspiratory pause at larger
inflation volumes.

In the present study oxygen uptake during steady state mechanical venti-
lation was on average 0.11 4 0.02 (SD) ml.s~1.kg~? (STPD) in 5 observations
during each of the last three experiments (n=15). This value approximated
the observed decrease in thoracic volume during inspiratory pauses at low
volumes (0.11 & 0.05 (SD) ml.s~1.kg™! (n=14) at 5 ml.kg™?) (BTPS), indi-
cating that 1) the respiratory exchange ratio was very low during inspiratory
pauses at these volume levels 2) the blood flow through the lungs was not
very much reduced.

We explained the gradual decrease in intra-thoracic volume to be mainly
caused by continuous gas exchange. We tested this hypothesis in a detailed
experimental study on the effect of gas exchange. This study is described in
Chapter 6.

Part of the pressure decrease during inspiratory pauses at the higher
inflation volumes could not be related to a decrease in thoracic volume. A
number of additional mechanisms have been suggested to explain the time-
dependence of tracheal pressure during an inspiratory pause.

Firstly, the fall in pressure has been attributed to an equilibration of the
pressure gradients in the lungs. In normal lungs a sudden stop of insufflation
during artificial ventilation will cause an almost instantaneous decrease in
tracheal pressure. But in the presence of inhomogeneities in the lungs also
a more gradual decrease in airway pressure could be observed as mentioned
for the ‘Pendelluft’ phenomenon [10]. This effect on pressure fall is thought
to end within 1 s [10,89].

Secondly, it has been suggested that opening of previously closed lung
regions during an inspiratory pause will contribute to a decrease in airway
pressure [49].

Thirdly, the viscoelastic properties of lungs and thorax may cause a de-
crease in recoil pressure -”stress relaxation”- after a stepwise increase of lung
volume [10,22,49,66]. The decrease in recoil pressure during a maintained
inspiratory pause is generally attributed to stress-relaxation, in particular
in experiments with excised lungs [46,62]. The considerable decrease of tra-
cheal pressure during the inspiratory pause after insufflation of large volumes
in our experiments probably has some connection with this mechanism. A
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more detailed analysis of this pressure decay in the absence of gas exchange
is presented in Chapter 7.

Our data were not satisfactory to assess the contribution of each mech-
anism to the fall in pressure during the inspiratory pause.

4.4.2 Overestimation of the plateau pressure

The PVyp curve through the P-V plots obtained after 8.5 s in the inspiratory
pause could be regarded as the best approximation of the ‘static’ P-V rela-
tionship of the respiratory system in our study. This certainly holds true for
the lower volume range where the changes in pressure and volume during the
last part of the inspiratory pause coincided with the PVyp curve (Fig. 4.4).
It seems acceptable for the higher insufflated volumes that the real ‘static’
curve is shifted slightly to the left in the upper part of the PVyp curve. We
reason this from the lack in coincidence between the P-V relationship during
an inspiratory pause and the PVip curve, except for the P-V point at 8.5 s.
So a further decrease of pressure could have occurred beyond 8.5 s.

We have estimated the difference between the pressure at 1.5 s in the
inspiratory pause (Pt 5) and the value on the PVyp curve as the substitute
for the static pressure at the insufflated volume AVpgy, in order to use this
difference as a measure of overestimation of the static pressure when using
Pt 15. In order to visualize the calculation a schematic drawing of a part of
a dynamic pressure-volume curve and a part of the PVip curve is presented
in Fig. 4.5. P73 5 is projected via a horizontal line on the PVip curve which
finds the static pressure Pgtqt corresponding to the insufflated volume. The
total pressure decay from 1.5 to 8.5 s may be partitioned into a pressure
loss AP;, which is mainly due to stress-relaxation, and a pressure loss AP,
which is mainly due to the loss of lung volume. The difference between
P15 and the value Py, was expressed as a percentage of the difference
between Pgio¢ and the end-expiratory pressure Pgg according to

(PT 1.5 — Pstat)
! .100%. 1
(Pstat - PEE) ’ ( )

overestimation =

At inflation volumes of 15 ml.kg™! the pressure at 1.5 s (P,1.5) overes-
timated plateau pressure about 6.8 + 2.1 (SD) %, n=32, at larger inflation
volumes this overestimation was larger, e.g. 10.3 + 2.3 (SD) %, n=26 at
25 ml.kg™!. For inflation volumes less than 10 ml.kg™? the overestimation
of pressure at 1.5 s was 5.5 £ 2.5 (SD) %, n=16. However, due to the low
absolute pressure values and the comparatively large cardiac interference on
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Figure 4.5 Schematic drawing of the partitioning of the pressure decay between 1.5 and
8.5 s into a pressure decrease (AP;) which is mainly due to stress-relaxation and a pressure
decrease (AP, ), which is mainly due to aloss of lung volume (AVy). Pr 15 is the tracheal
pressure at 1.5 s pause. Py, represents the estimate of the quasi-static pressure at the

volume corresponding to Vyc at 1.5 s.
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the pressure signal the values for the overestimation at low inflation volumes
were very sensitive to errors in the measurements.

4.4.3 Compliance estimates based on the inspiratory pause method

For consideration of the differences between the various compliance esti-
mates we used Crip g, in which the estimation of the change in lung volume
was based on the mercury cord, as a reference. Ciypq represents the slope
of the linear part of the PVip curve. Cipq based on AVyc did not differ
much from Cipq based on AVpy, because the decrease in volume during
inspiratory pauses at volumes between 4-12 ml.kg™! mainly caused a shift,
instead of a change in slope, of the PVip curve.

The Cyp,1 5 values were not much influenced by stress-relaxation because
we restricted the comparison of compliance estimates to the volumes range
from 4 to 12 ml.kg™! and moreover continuous gas exchange was of minor
importance for the period of 1.5 s. For this reason we did not find a sig-
nificant difference between the two Crp 1.5 values obtained by the mercury
strain gauge and by integration of the airflow, respectively.

The lower values of Cip ;5 compared to Crp g could be explained by
the nonlinear part of the P-V curve occurring in the low volume range and
reflecting opening of previously closed lung units [22,27,100].

When the change in lung volume was based on integration of the airflow
the compliance estimate Crp g5 derived from the inspiratory pause method
was found to be significantly higher than Cipg. This overestimation was
caused by a pressure decrease partly due to a loss of lung volume during the
inspiratory pause, undetected by the airflow integration technique. There-
fore, in this situation the measurement of the real changes in lung volume,
done by a mercury strain gauge, has to be preferred.
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CHAPTER 5

THE PULSE METHOD AND THE
SLOW INFLATION-DEFLATION
METHOD

5.1 Introduction.

In this chapter additional observations and data-analyses are described,
which were performed during the experiments as mentioned in Chapter 4,
to evaluate two other methods for the estimation of Cgg, i.e. 1) the pulse
method and 2) the slow inflation-deflation method. In the pulse-method
Crgs is derived from the ratio between a constant flow rate and the slope
of the pressure-time course during inflation (cf. section 2.3). In the slow
inflation-deflation method Cgg is derived from the slope of the P-V loop of
the respiratory system obtained by a slow inflation and subsequent deflation
(cf. section 2.4). Cgs can be estimated from the inflation limb (Crypy,) as
well as from the deflation limb (Cpggy,) of the P-V loop. In this chapter the
‘pulse’-compliance and the compliances, Cinpr, and Cpgrr, are compared
with Crp q, which was presented in Chapter 4.

In the majority of cases changes in lung volume in pressure-volume loops
have been determined by assuming a change in lung volume equal to the
tidal volume [43,64,68,69]. However, recent literature on the subject [21,30]
suggests that continuous gas exchange might affect a proper estimation of
changes in lung volume, in particular in slow inflation-deflation procedures.
The mercury strain gauge, as described in Chapter 4, enabled us to differ-
entiate between the input volume, estimated by integration of the airflow,
and the real change in lung volume.

5.2 Methods.

5.2.1 Introduction

For the general conditions of the experiments we refer to the section on
methods of Chapter 4. In this section we concentrate on the additional
procedures and data-analyses which were performed for the ‘pulse’-method
and the slow inflation-deflation method.
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5.2.2 Experimental protocol

The experimental protocol could be restricted to two types of special pro-
cedures (cf. Chapters 3 and 4) to derive the compliance estimates. These
special procedures always started the inflation at the end of a normal expi-
ratory phase in mechanical ventilation. Therefore, lung volume at the start
of inflation was assumed to be equal to the end-expiratory lung volume in
steady state ventilation.

Pulse method. For this method we have used the insufflation with constant
flow in the inspiratory pause procedures, which were discussed in Chapter 4.
Volume of inflation varied between 0 and 25 ml.kg™! and inflation time be-
tween 1 and 5 s. Flow rates varied between 0 and 17.5 ml.s™1.kg™! in the
different procedures. Although flow rate was constant during each inflation,
only 10-12 inspiratory pause procedures from each series of 22 could be used
to calculate ‘pulse’ compliance. This was caused by restrictions to the flow
rate and the minimal required change in volume (cf. section 5.2.3).

Slow inflation-deflation method. The slow inflation-deflation proce-
dures were performed in a series of three and in the same order. Because
these procedures differed from each other we have called them slow inflation-
deflation procedures 1, 2 and 3, or in abbreviation SID1, SID2 and SID3. In
each procedure inflation volume was 25 mlkg™* and the total time period
of the inspiratory phase was 35.0 s.

In SID1 the volume was insufflated in 10 equal volume steps of 2.5 ml.kg~?1.
Each step took 3.5 s, including an inspiratory pause of 1.5 s. After the last
step the inspiratory pause was 9 s. After this, the piglet was allowed to
breathe out passively.

In SID2 inflation was the same as in SID1 but deflation was controlled
by the ventilator and performed in 10 equal volume steps of 2.5 ml.kg™?! in
3.5 s per step including a pause of 1.5 s until the entire insufflated volume
was recollected in the bellows of the ventilator.

In SID3 a volume of 25 ml.kg™! was insufflated at a constant flow rate in
35 s and followed after a pause of 1.5 s by a controlled deflation of 25 ml.kg™!
in 35 s.

The imposed volume-time courses of procedures SID2 and SID3 have
already been presented in Fig. 3.4 of Chapter 3, page 31.

Observations. The observations were started with two determinations of
end-expiratory lung volume (Vi gg). During the next 45 minutes three slow
inflation-deflation procedures (SID1, SID2 and SID3) were performed at 15
minute intervals, followed by another determination of Vi, gg. Then, a series
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of 22 inspiratory pause procedures was performed (series ‘A’) at 5 minute
intervals, after which all observations were repeated (series‘B’). After these
measurements Vi, gg was measured once more.

5.2.3 Data-analysis

Pulse method. Pulse compliance Cp was calculated using the dynamic
pressure-volume relationship during insufflation, which is a modified but not
principally different analysis of the pressure-time relationship because flow
rate was constant (cf. Chapter 2, page 16). Cp was only calculated from
those inspiratory pause procedures in which the airflow of insufflation was
less than 10 ml.s71.kg™!. We applied a linear regression analysis to calculate
(AV/AP7) in the volume interval from 4 to 12 ml.kg™! with a minimum
interval of 4-8 ml.kg~!. The limitation of the airflow to 10 ml.s~*.kg™! and
the volume interval between 4 and 12 ml.kg™? are considered in the discus-
sion section.
Slow inflation-deflation method. Changes in lung volume were ob-
tained both from changes in thoracic volume measured with the mercury
strain gauge and from integration of the flow rate. The calibration of these
volume measurements was described in Chapter 4. When volume changes
were obtained from integration of the airflow an accurate estimation of the
zero flow level was important, because after a long period of integration a
small drift in this level could cause substantial errors. In SID1 this zero
level could be obtained during the pause of 9 s at end-inflation. Such a pe-
riod with zero flow rate was not available in the SID2 and SID3 procedures.
The 1.5 s pause periods could not be used for the determination of the zero
flow level, because the inflation valve of the ventilator was not closed during
those periods and the flow rate was still affected by cardiac interference and
small adaptations in position of the piston. However, in these procedures
the volume insufflated by the ventilator was equal to the inflation volume in
SID1. In procedures SID2 and SID3 the zero level of the pneumotachometer
could be defined from this similarity. The inflation volume was obtained
by integration of the airflow and was corrected from ATPD to BTPS, i.e.
corrected for differences in temperature, humidity and pressure. During de-
flation it was assumed that the temperature and humidity of the gas flowing
through the flow head were similar to those of alveolar gas.

Changes in tracheal pressure and lung volume were averaged over the
last cardiac cycles of each volume step. For the analysis of the continuous
flow procedure of SID3, inflation and deflation were divided into 10 equal
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volume steps. Ciypy, and Cpgpy, were derived from the slopes of rectilinear
lines found by a linear regression method, through the P-V points in the
volume interval between 4 and 12 mlkg™!. For reasons of comparison we
chose for the same range of volume as was done in the analysis of Crpq in
Chapter 4.

The area of each P-V loop was calculated to compare the amount of

hysteresis in the P-V loop derived from AVpy, and that derived from AVye.
The area was enclosed by the inflation and deflation limbs and the part of
the Y—axis between the beginning of the inflation limb and the end of the
deflation limb.
Compliance estimate CIP,sl. For the mutual comparison of Ciypy,
CprrL and Cipq we used Crpy based on AVyg as a reference. As was
shown in Chapter 4, Cip g based on AVy¢ was not significantly different
from Crp 1 based on AVpy,.

5.2.4 Statistical analysis

Using the test procedure of Fisher-Behrens statistical analyses were per-
formed, testing the equality of means with unequal sample size and possibly
unequal variances [91]. p values of < 0.05 were regarded as significant.

5.3 Results.
5.3.1 Pulse Method

The pressure-time course during an inflation at constant flow rate in normal
mechanical ventilation is shown in Fig. 5.1. After a transient phase of about
0.5 s a linear pressure rise was observed. This linear increase in pressure was
sometimes followed by a marked nonlinear rise in pressure depending on the
inflation volume. To investigate the volume at which such a nonlinearity
in the pressure-time course occurred, we compared the dynamic P-V curve
during the inflations at constant flow rate with the quasi-static pressure
volume (PVyp) curve. The slope of the dynamic P-V curve (Cp) appeared
to be different from the slope of the quasi-static P-V curve (Cipq) in the
volume range from 4 to 12 ml.kg™!. Fig. 5.2A shows an individual example
of a dynamic P-V curve and the corresponding quasi-static P-V curve. In
Fig. 5.2B we plotted the relationship between the inflation volume and the
pressure differences between the P-V curves for all inflations at the same
airflow rate of 5 ml.s™ .kg™? in four experiments (line 1). Since the com-
parison of the P-V curves at the low levels of inflation volumes could also
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Figure 5.1 Tracheal pressure versus time during an inflation at constant flow rate.
The pressure tracing starts at PEEP level. After a transient phase of about 0.5 s the

pressure rise was linear, with a slight upward deflection in the upper part.
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Figure 5.2 Differences between dynamic and quasi-static P-V curves.

A) Two pressure-volume curves are shown: a gquasi-static P-V curve (PVip) through
pressure-volume data at the end of the inspiratory pauses and a dynamic P-V curve dur-
ing a typical inflation. APy indicates the difference in pressure at equal volumes.

B) The average difference in pressure APy between both tracings is presented for all pro-
cedures in which the flow rate was about 5 ml.s ™ .kg™ (line 1). The vertical lines indicate
the standard deviation at each volume increment. In line 2 procedures are presented with
an inspiratory flow rate of 17.5 ml.s~ kg™, Only one standard deviation line is plotted

for comparison.
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be performed in inflations with a larger volume more points of comparison
were available at low levels of inflation volume ( 60 entries at 5 ml.kg™?)
than at high levels (16 entries at 25 mlkg™1).

The influence of flow rate on the estimation of compliance by the pulse
method is illustrated in Fig. 5.2B. In this figure we also plotted the average
differences in pressure between the P-V curves for inflations at the largest
flow rate of 17.5 ml.s71.kg™? (line 2). The difference between the dynamic
and the quasi-static P-V curve at a flow rate of 17.5 ml.s71.kg™! was larger
than that obtained from inflations with a flow rate of 5 ml.s™*.kg™*. How-
ever, the slopes of both lines were similar in the volume range from 4 to 12
ml.kg™!, indicating that the slopes, i.e. compliance estimates, were not air-
flow dependent. Because of the variability of the dynamic pressure-volume
curve at large flow rates — as demonstrated by the large standard deviation
in APt — we decided to restrict the pulse compliance analysis to inflations
at flow rates less than 10 ml.s™* kg™!.

5.3.2 Slow Inflation deflation method

In Fig. 5.3A a typical example of a pressure-volume curve is presented ob-
tained from a slow inflation-deflation procedure SID2, in which changes in
lung volume were derived from integration of the airflow. A volume of
25 mlkg™? (ATPD) was insufflated stepwise and subsequently deflated in
about 70 s. Also the quasi-static pressure-volume curve (PVip) is presented
in the figure. The slope of the deflation limb of the pressure-volume loop
was found to deviate substantially from Crp g, whereas Cinpyr, approximated
Crp . Fig. 5.3B shows a pressure-volume loop, derived from the same ob-
servation as used in Fig. 5.3A, with volume based on the change in intra-
thoracic volume. In this case compliance estimates Ciypr, and Cpgrg, both
approximated Crp 4.

The deflation limb in the P-V loops based on integration of the airflow
was shown to give a marked positive intercept on the volume axis (Fig. 5.3A).
This volume intercept was called ‘unrecovered volume’ by Gattinoni et al.
[30], denoting a loss in lung volume during the procedure. This intercept
on the volume axis was not observed when changes in volume based on the
mercury strain gauge were plotted against Pr. In the last phase of the
deflation in the slow inflation-deflation procedures the mercury strain gauge
indicated a lung volume less than the end-expiratory volume, also suggesting
a loss of (lung) volume during the procedure. Since the curve was plotted
only for volumes above end-expiratory level and for pressure higher than
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Figure 5.3 Slow inflation deflation procedures.

A) Pressure-volume loop obtained from a typical stepwise SID2 procedure. In this plot
changes in volume were derived from integration of the airflow. The pressure starts at
PEEP level and ends at a positive intercept on the volume axis (‘unrecovered volume’).
The single line (PV1p ) is the quasi-static pressure-volume curve derived from 22 inspiratory
pause procedures.

B) The same SID2 procedure as in figure 5.3A. However, in this P-V curve changes in
volume were derived from the mercury strain gauge. The single line is again the same

quasi-static pressure volume curve as in panel A.
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Figure 5.4 Difference between the volume estimates during SID procedures.
The difference between the change in volume derived from integration of the airflow and
the change in volume based on the mercury strain gauge AVyr,_mc as a function of time.

The vertical lines are standard deviations at the respective positions in the curve.

zero, i.e. higher than ambient air pressure, this last phase of deflation is
beyond the scope of Fig. 5.3A and B.

The amount of hysteresis was 160 £ 67 (SD) cm H,O0.mlkg™? (n=16),
when volume changes were based on Vgr,. When the changes in volume
were based on Vyg this value decreased to 88 + 43 (SD) cm H,O.mlkg™?
(n=16). Because of the passive expiratory phase in the SID1 procedures,
these procedures could not be used to calculate the amount of hysteresis.

Fig. 5.4 shows the average differences between the estimated changes in
lung volume based on AVyy, and the actual changes in lung volume AVyc
during inflation and deflation as a function of time for all P-V loops (i.e. the
SID2 and SID3 procedures). During inflation and the subsequent deflation
a gradually increasing difference in volume was found.

5.3.3 Comparison of compliance estimates

The choice of the volume interval between 4 and 12 mlkg™!, used in all
comparisons of compliance estimates in the present study was based on
1) the nonlinear increase in the difference in pressure between the dynamic
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and the quasi-static pressure-volume curves at corresponding volumes above
approximately 15 ml.kg™! (Fig. 5.2B) and 2) the nonlinearity in the quasi-
static pressure-volume curve as such.

The mean values of compliance obtained from the pulse method, the
slow inflation-deflation method and the multiple inspiratory pause method
(Cip,a1), all normalized to body weight (ml.cm H,071kg™1), are shown in
Table 5.1.

We obtained similar values of Cixpr, from the SID procedures 1, 2 and
3 for the measurements based on integration of the airflow and those based
on the mercury strain gauge. Cpgry, estimates derived from SID2 and SID3
were mutually similar for each of the two volume measurements. In the SID1
procedures Cpgpr, could not be determined because in those procedure the
pigs were allowed to breathe out passively. Therefore, we have averaged
three Ciypr, estimates and two Cpgrr per series for each type of volume
measurement.

When integration of the airflow was used to determine the change in
lung volume, Cpgrr, was smaller than Ciypr, and Cipq in all experiments.
However, Cp and Ciypr, were not significantly different from Crp 4.

When the mercury strain gauge was used the compliance estimates
CinrFL, Cpgrr, and Cp were not significantly different from each other. Pulse
compliance was significantly lower (p < 0.05) than Crp g. No significant dif-
ferences were found between Cinpr,, Cpprr and Crpg.

5.4 Discussion.
5.4.1 Pulse method

Considering the dependence on time of tracheal pressure during an inspira-
tory pause in particular at large inflation volumes, one of the basic assump-
tions, i.e. the absence of viscoelastic pressure [10,89,97], was not fulfilled in
our analysis of the ‘pulse compliance’ Cp. This is probably the reason for
the slight underestimation of compliance by the pulse method in comparison
with Crp q.

Reduction of the maximal flow rate from 10 ml.s~.kg~! to 5 ml.s~1 kg1
did not change the estimate of Cp significantly. The nonlinear increase in
airway pressure during inflations with constant flow rate up to inflation vol-
umes larger than about 15 ml.kg™?! probably points to 1) an over-distention
of the lungs [101] and 2) an increase of viscoelastic forces. This latter con-
clusion is confirmed by the results in Fig. 4.4, in which the pressure fall
occurring after inflation of large volumes did not coincide with the PVip
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TABLE 5.1

Pig | Crpal CinrL CperL

AVye || AVpr, AVyme | AVer, AVyme AVe, AVue

1A 1.63 1.46 1.39 1.58 1.51 1.50 1.86
0.07) || (0.08) (0.05) | (0.10) (0.11) | (0.01) (0.08)

1B 1.70 1.45 1.48 1.58 1.46 1.38 1.67
(0.09) || (0.06) (0.07) | (0.07) (0.09) | (0.01) (0.01)

2A 1.91 1.75 1.63 2.12 1.73 1.31 1.60
(0.06) || (0.09) (0.03) | (0.03) (0.04) | (0.01) (0.02)

2B 1.89 1.75 1.66 2.13 1.70 1.25 1.56
(0.04) || (0.09) (0.05) | (0.09) (0.04) | (0.01) (0.02)

3A 1.43 1.37 1.34 1.37 1.23 0.96 1.18
(0.03) || (0.06) (0.05) | (0.02) (0.01) | (0.02) (0.02)

3B 1.60 1.41 0.97 1.29
(0.03) (0.04) | (0.10) (0.02)

4A 1.63 1.36 1.32 1.57 1.31 1.01 1.46
0.05) || (0.05) (0.03) | (0.11) (0.01) | (0.11)  (0.10)

4B 1.14 1.10 1.08 1.49 1.20 0.85 1.06
(0.14) || (018) (0.15) | (0.09) (0.10) | (0.08) (0.04)

mean 1.62 1.47 1.42 1.68 1.44 1.15 1.46
(027) || (024) (0.20) | (0.28) (0.20) | (0.23) (0.26)

n="T7 n=T8 n="78 n=24 n=24 n=16 n=16

Comparison of compliance estimates.

In this table compliance estimates according to the pulse method Cp, and the slow
inflation-deflation method (Cmpr and Cpzry) are presented. To enable an easier com-
parison we also show the Crp g values, which were already presented in Table 4.1. Values

are given in mlcmH, O .kg™'. The standard deviations are given in parentheses.
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curve, except for the pressure-volume point at 8.5 s in the inspiratory pause.
This was mainly attributed to viscoelasticity.

5.4.2 Slow inflation-deflation method

The flow rate in the slow inflation-deflation procedures was a compromise
between the inflation volume of 25 ml.kg™! recommended in the literature
[14] and the necessity to limit the duration of the entire procedure to prevent
severe hypoxemia. The flow rate of 0.7 ml.s™1.kg™! which was selected in
all procedures was close to the flow rate of 0.5 ml.s~*kg™? (=2 Lmin™1)
reported in studies on humans [14,43,68].

In most studies slow inflation-deflation procedures were performed after
one or a series of large inflations to ‘standardize’ lung volume history. We
did not perform any special lung volume standardizing procedure before
measuring a slow inflation-deflation procedure, because of the large tidal
volume during our mode of mechanical ventilation. This tidal volume, which
was about 20.7 ml.kg™!, was the consequence of the rather low ventilatory
frequency of 10 min—!. Moreover, we could not demonstrate any significant
increase in compliance derived from the inflation limb of P-V curves in the
first two procedures per series (SID1 and SID2), in contrast with other
studies [15,45,68].

In this study an increasing difference is demonstrated between the change
in lung volume estimated by integration of the airflow and the actual change
in lung volume during slow inflation-deflation procedures. This difference
has been attributed to gas exchange possibly in combination with changes
in intra-thoracic blood volume [30]. A detailed analysis of the decrease in
lung volume during an inspiratory pause due to continuous gas exchange is
presented in the next chapter. The present study supports the findings of
Gattinoni et al. [30] and D‘All-Ava Santucci et al. [21], i.e. pressure-volume
loops, hysteresis calculations and compliance estimates may give erroneous
results, if they are derived from changes in lung volume measured at the
airway opening instead of from changes in volume based on e.g. a mercury
strain gauge.

The measurement of a P-V loop based on the measurement of the change
in thoracic volume is rather complicated, particularly because of difficul-
ties in obtaining an accurate calibration. Other disadvantages of the slow
inflation-deflation procedure are potential risks of barotrauma, temporary
haemodynamic instability, and hypoxemia. However, in our experiments the
compliance estimates derived from the slow inflation-deflation procedures,
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based on the change in thoracic volume, were not significantly different from
Cip,1- The multiple inspiratory pause method to obtain Cip g is rather sim-
ple. Therefore, we prefer this method for the estimation of Cgrs.

In summary we conclude that:

1. the ‘pulse’ method underestimates total respiratory compliance
Crp,q derived from the quasi-static P-V curve

2. the compliance estimates Ciypr, and Cpgpr, derived from slow
inflation-deflation procedures, yield values similar to Crp 4, pro-
vided the actual change in lung volume is measured (e.g. by
means of a mercury strain gauge) and

3. the multiple inspiratory pause method (Cyp ) has to be preferred
for the estimation of Cgs.
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CHAPTER 6

THE LOSS OF LUNG VOLUME
BY GAS EXCHANGE DURING
AN INSPIRATORY PAUSE

6.1 Introduction.

The estimation of Crg during artificial ventilation by the inspiratory pause
method was based on the assumption of a stable plateau pressure. However,
it was demonstrated in Chapter 4 that both tracheal pressure and intra-
thoracic volume gradually decreased during the entire inspiratory pause.
We ascribed the loss of lung volume to a continuous gas exchange at a
respiratory exchange ratio less than 1.0. We observed the rate of decrease in
lung volume to be inversely dependent on the volume of inflation, implying
a large decrease at low inflation volumes and a markedly smaller loss of
volume at large inflation volumes.

We hypothesized the large loss of volume at a small lung volume to
be almost equal to oxygen consumption due to an equilibration between
alveolar and mixed venous Pgo,. At large volumes we assumed the uptake
of oxygen from the alveoli into the blood partially compensated for by a
sustained CO, exchange from the blood into the alveoli.

To test the hypothesis of a difference in loss of lung volume due to a dif-
ference in gas exchange we studied alveolar gas exchange during rebreathing
cycles superimposed on inspiratory pause periods of 20 s at three different
tidal volumes.

A potential problem in the quantitative comparison of the rebreathing
technique superimposed on the inspiratory pause periods with the original
inspiratory pause procedure in our former studies (cf. Chapter 4) could
be the effect of the cyclic variation of lung volume on the gas exchange
during rebreathing. Therefore, inequality of the loss of lung volume in both
circumstances does not plead against the validity of the hypothesis. As a
strict condition for verification we demanded the loss of lung volume to be
of the same order of magnitude in both circumstances.
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6.2 Methods.

6.2.1 Surgical procedures and measurements

Experiments were performed on 6 healthy piglets (weight 9.0 & 0.9 (SD) kg).
Surgical procedures, experimental conditions, data-acquisition and measure-
ments were the same as described in Chapter 4. Only the additional methods
are mentioned in this section.

End-expiratory lung volume Vp, g was estimated with the use of a closed
system helium dilution technique. This technique was described in Chap-
ter 3, page 38.

Respiratory exchange ratio R and oxygen consumption (Voz) during
base line mechanical ventilation were derived from the tidal volume and
the inspiratory and mixed-expiratory gas concentrations during steady state
baseline conditions. Voz was corrected for differences between the inspired
and expired volumes, based on the assumption of a constant amount of N,
in the lungs [81].

The animals were ventilated mechanically with a gas mixture of 40 %
O, and 60 % N,. At the beginning of each experiment tidal volume of nor-
mal mechanical ventilation was adjusted to achieve an arterial CO, tension
(Pa,co,) between 35 and 45 Torr. After stabilizing P, co, tidal volume was
kept constant at 22.4 + 2.3 mlkg™?, (n=6) with a fixed respiratory rate of
10 per min and with an inspiration-expiration time ratio of 40:60. During
the experiments a PEEP of about 2 cm H, 0 was applied to avoid atelectasis.

6.2.2 Ventilatory procedures

Ventilator. Although the functioning of the ventilator has been described
in Chapter 3 some features are repeated here to simplify the description
of the rebreathing manoeuvres. Ventilation could be performed either by
bellows 1 or by bellows 2 (Fig. 3.1 on page 24). In normal mechanical ven-
tilation bellows 1 was used whereas bellows 2 was in flush mode. During the
inspiratory phase the piston plate moved towards its front position. Because
of the state of the valves (1A and 1C closed and 1B open) gas was driven out
of the bellows 1 in the direction of the animal. During the expiratory phase
valve 1C was open and provided a way for a passive expiration through a
water seal, which was used for application of PEEP.

Rebreathing procedures. We modified the method previously described
by Lanphier and Rahn [61] and Hong et al. [44] for spontancously breath-
ing subjects. The original method consisted of a period of breath holding
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interrupted at intervals of 10-30 s by short expirations into a sampling bag
followed by inspirations of the expired gas (‘rebreathing’). The volume of
this ‘rebreathing’-gas was chosen large enough to obtain alveolar samples at
end-expiration. The total period lasted for about 1 to 4 min.

To calculate the decrease in lung volume by gas exchange we studied
the changes in composition of alveolar gas during a 20 s rebreathing period.
We further adapted the method by shortening the time interval between the
expirations to 2 s, which means a rebreathing ventilation at a rate of 30
per min. The rebreathing volume was 13.2 ml.kg™!. The selection of this
volume was partly due to a technical problem in the first experiment of the
series of six, which caused the rebreathing volume to be about 30 % larger
than was intended. We used the same volume in the other experiments for
easier comparison of our experimental results in all six experiments.

The rebreathing procedures were performed at three different volume
levels above end-expiratory lung volume. After a period of at least 10
min of normal mechanical ventilation, with bellows 1 of the ventilator, the
procedure was started with an inflation (Vgp;) of either a small volume
of 6.6 mlkg™!, a medium volume of 19.8 mlkg™! or a large volume of
33.0 mlkg™!, by bellows 2 of the ventilator. Inflation time was 2.5 s. The
volume-time course of a rebreathing procedure at medium volume is pre-
sented in Fig. 6.1a. The gas mixture in the first inflation of the rebreathing
procedure was the same as the gas mixture used during normal mechanical
ventilation. During the rebreathing procedure bellows 1 was in ‘flush’ mode
(1B and 1C closed, 1A open).

Immediately after the initial inflation the piston plate of the ventilator
started a cyclic movement (one cycle in 2 s) with the same valve states as
during the inflation, causing a cyclic variation of lung volume. In this way
a volume Vgrpg (13.2 ml.kg™!) was rebreathed at three volume levels above
end-expiratory lung volume. Although lung volume varied cyclically during
the rebreathing period the volume level of rebreathing was defined as the
average volume above the end-expiratory level, i.e. the initial level of re-
breathing was equal to the difference between Vrp; and 0.5X Vgpr. There-
fore, rebreathing procedures were performed at volume levels of about 0.0,
13.2 and 26.4 ml.kg™! above end-expiratory volume (i.e 6.6 - 0.5x13.2 = 0,
19.8 - 6.6 = 13.2 and 33.0 - 6.6 = 26.4 ml.kg™?).

From the changes in composition of alveolar gas measured at the end
of each deflation during the rebreathing procedure the decrease in lung vol-
ume due to gas exchange could be estimated based on the assumption of a
constant amount of N,.
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Fig. 6.1 Tracings of gas concentrations during rebreathing.

This figure shows the volume-time course of a rebreathing procedure at medium volume
level (panel a) as a reference for the concentrations of the gases Oz, CO; and N; in panels
b, ¢, and d respectively in 2 different rebreathing procedures at three different volume
levels. Plotting of the signals was started 1 s before the first inflation in the rebreathing
procedure Vgp;. After the first inflation rebreathing was performed during 10 cycles with
a cycle time of 2 s.

(A): rebreathing at low volume level,

(B): rebreathing at medium volume level,

(C): rebreathing at high volume level.
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After 20 s of rebreathing (10 cycles) the piglet was allowed to breathe
out passively and normal mechanical ventilation was automatically resumed
by bellows 1.

Inspiratory pause procedures. In the same experiments we per-
formed procedures with an inspiratory pause (inflation volume 0-30 ml.kg™?,
inflation time 2.5 s, inspiratory pause 15 s). The aim of these procedures
was 1) to compare the decrease in thoracic volume during inspiratory pauses
with the loss of lung volume in the rebreathing procedures at corresponding
volume levels above end-expiratory lung volume, 2) to calibrate the mercury
strain gauge, and 3) to estimate Crp g (cf. Chapter 4, section 4.2.5).

During the inspiratory pauses the extra valve, which was positioned at
the tracheal cannula was closed (cf. section 4.2.4). In contrast to the re-
breathing procedures the mass-spectrometer did not sample gas from the
airways during the inspiratory pause procedures, because we did not want
to loose pulmonary volume by airflow to the mass-spectrometer.

6.2.3 Observations

After a stabilization period after surgery of at least 30 min the observa-
tions were started with base line measurements including determinations of
Viee. Then, a series of 12 inspiratory pause procedures was performed in
a random sequence. Between the procedures normal mechanical ventilation
was resumed for 5 min. In the next hour the three rebreathing procedures
were performed twice at 10 min intervals, i.e. one measurement each 10 min.
These measurements were followed by another set of base line measurements.
Then, a second set of six rebreathing procedures, a second set of inspiratory
pause procedures and again base line measurements were performed.

Ten minutes after killing the pig with an overdose of pentobarbital
sodium six to eight inspiratory pause procedures were performed at different
volumes at two minute intervals (cf. Chapter 7).

6.2.4 Data acquisition and data analysis

Estimation of the decrease in lung volume during the rebreathing
procedure. The analysis of the alveolar gas exchange during the rebreath-
ing procedure was based on the determination of the changes in the amounts
of Oz, CO2 and Nz (Vo,™, Veo,™, Vn,” respectively) in the total system at
each rebreathing cycle n. The first controlled deflation (n = 1) during the
rebreathing was used as a reference for the calculation of changes in volume.
The total amounts of O3, CO2, and N3 at n = 1 were determined by adding
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the amounts of these gases in each part of the rebreathing system, i.e. in
A) the bellows nr. 2 of the ventilator, B) the tubing between lungs and
ventilator and C) the lungs. All volumes were converted to STPD values.

The total amount of gas in bellows 2 at the end of a controlled deflation
equals the sum of the dead space (Vd,bellows) in the bellows (ranging from
41.2 to 77.7 ml in the different experiments) and the rebreathing volume
Vgrer- The volumes of the respiratory gases were estimated by multiplying
the total volume in the bellows by the respective gas concentrations in the
bellows, the latter being assumed to be equal to the concentrations measured
during the subsequent inflation.

The O;, CO; and N3 volumes in the tubing were estimated by multi-
plying the effective tubing dead space (Vd,eff=29 ml) in these experiments,
cf. Chapter 3 page 40, by the concentrations of each of the gases in the
tubes. These concentrations were assumed to be approximately equal to the
concentrations averaged between inflation and deflation.

The total lung volume Vy, at the end of the first controlled deflation
of the rebreathing procedure was calculated by adding the net insufflated
volume (i.e. the insufflated volume Vgypy less Vgpg) to the end-expiratory
lung volume. We took the mean value of the lung volume measurements
before and after the series of rebreathing procedures as steady state end-
expiratory lung volume level during the series.

The same calculation was performed for each cycle in the rebreathing
procedure. However, it was assumed that the total amount of N, in the
system (Vy,™ ) calculated at the first deflation remained constant during
the subsequent rebreathing cycles [44,60,73], except for a small loss of No-

volume due to the sampling of the mass-spectrometer.
In summary (Fig. 6.2), Vy, was calculated for each deflation n from

n n 1 n n k] n
VN; = (Vd,bellows + VRBR)-FI,NQ + Vd,eﬁ'.é-.(FI’Nz + FE,N;) + (VL)'FE,Nz (].)

where Fyn,, FgN,: inspiratory and end-expiratory fractions of Nj. Vi =1
was calculated from
VE=' = Vyer + (Vre1 — Vrsr) (2)
If necessary, the value V1™ was adapted to satisfy the condition of a constant
Vy, in the total system during the rebreathing cycles n=2...10
Changes in the amounts of Oy and CO3, AV, and AV, respectively,
between every two subsequent controlled deflations during the rebreathing
period, i.e. in time intervals Atggr=2.0 s, were used to estimate the oxygen
uptake ( AVg,/Atrpr), the CO; output (AVco,/Atrpr) and the respira-
tory exchange ratio R = AV¢o, / AVo,. In this analysis all volume changes

2
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Fig. 6.2 Schematic presentation of the rebreathing analysis.

In this figure the calculation (equation 1) of the amount of N; in the system is illustrated.
The inspiratory and end-expiratory N fractions Fry, and Fgn, are abbreviated as I,
12 and E1, E2 respectively for the cycles # = 1 and n = 2 in the figure. For explanation

see text.

were corrected for the loss of Oy, CO; and Ny due to the sampling by the
mass-spectrometer. Using AVo, and AVgp, the change in lung volume
caused merely by gas exchange could be calculated.

6.2.5 Statistical analyses

Comparison of two empirical means of populations, which were assumed to
be normally distributed, was performed using the two sample t-test for inde-
pendent random samples (Sachs pg. 265 [91]). The comparison of the three
different levels of rebreathing was performed using an analysis of variance
and a technique of multiple comparison according to Student, Newman and
Keuls [91]. In both tests differences were considered significant only when
the p value was equal to or less than 0.05.

6.3 Results.
6.3.1 General data

In Table 6.1 the average values of the end-expiratory lung volume (Vy, gg),
tidal volume (V1 ), weight, total respiratory compliance (Cip q), steady state
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TABLE 6.1

Weight 9.0 (0.9) kg n=6
Vige 26,6 (4.0) mlkg™ n=12 BTPS
Vo 22.4  (2.3) mlkg™? n=6 BTPS
R 0.92 (0.06) n=39
Vo, 0.14 (0.01) mlkg™'s™! n=39 STPD

Cre 0 2.25 (0.13) mlem H,O'kg™ n=12 BTPS

General data of the animals.

Values in parentheses are standard deviations.

oxygen consumption (Voz) and steady state respiratory exchange ratio (R)
are listed.

Lung volume estimates after each series of inspiratory pause procedures
and rebreathing procedures were usually slightly higher than estimates of
lung volume before the series. The maximal observed difference was 23.5
ml in experiment 2. Since Vi, gg was 250 ml in that experiment this differ-
ence was less than 10%. We checked the influence of such differences in lung
volume on the calculation of the decrease in volume due to gas exchange
during a rebreathing procedure. When calculations were performed with a
10 % larger value of Vi, gg the estimated loss of lung volume due to con-
tinuous gas exchange increased about 6 %. Therefore, we considered Vi, gg
sufficiently stable to perform our analyses

6.3.2 Gas concentrations during rebreathing procedures

Fig. 6.1 shows the respiratory gas concentrations Oz, CO, and N, as func-
tions of time in panels b, ¢ and d respectively. Both tracings of each gas
concentration, obtained during the rebreathing procedures, were similar for
the same volume level. However, at the three different volume levels they
diverged from each other. This was observed in all corresponding observa-
tions. The lower the lung volume during rebreathing the higher the increase
in concentration of CO4 and Ny. The decrease in O, concentration was more
prominent at low volume levels than at large volume levels.

6.3.3 O, uptake, CO; output and respiratory exchange ratio (R)

The oxygen uptake Voz, the CO4 output vcoz and the respiratory exchange
ratio (R = AV¢o, / AVyp,) are presented as functions of time in Fig. 6.3,
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in panels a, b and c respectively. The tracings A, B and C were derived
from rebreathing procedures at low, medium and high volume levels of re-
breathing respectively. Each point in that figure represents the mean value
of 24 observations, i.e. 4 per animal. The start of the first inflation of the
rebreathing procedure was chosen as t = 0. Again a divergence was found
between the tracings of rebreathing procedures at different volume levels.
Oxygen uptake during rebreathing was significantly different between the
three different volume levels in the first 6 of the 9 values of VOZ with the
larger values for the oxygen uptake during rebreathing procedures at low in-
flation volumes. The opposite was observed for CO, output, which tended
to be higher for rebreathing at larger inflation volumes. This tendency was
only significant for the last 5 (of the 9) estimates of CO2 output.

Combination of both oxygen uptake and CO, output yielded values for
the respiratory exchange ratios which were significantly different for re-
breathing procedures at different volume levels. The respiratory exchange
ratio was lower during rebreathing at low volumes than during rebreathing
at large inflation volumes.

6.3.4 Decrease in lung volume during rebreathing

The decrease in lung volume caused by continuous gas exchange was esti-
mated from the increase in Nj-concentration. Then, the net loss of lung
volume AVy, was calculated using the oxygen uptake Voz and the CO4 out-
put Vcoz- The AV7y, values are presented in Table 6.2.

In Fig. 6.4 the decrease in lung volume during rebreathing procedures at
low (panel a), medium (panel b) and high (panel c) volume levels above the
end-expiratory volume level is presented (dash-dotted lines). The decrease
in lung volume during rebreathing was larger for lower inflation volumes.

6.3.5 Decrease in lung volume during inspiratory pause procedures

The decrease in lung volume during the inspiratory pauses as such, as ob-
tained from the mercury strain gauge, was measured on points of time cor-
responding to those in the rebreathing procedures. That is, we have deter-
mined the intra-thoracic volume (with respect to the end-expiratory level)
at 7 points of time (t;...t7), each at the moment the controlled deflation in
the corresponding rebreathing procedure had ended. From these 7 values 6
volume differences were calculated with respect to the volume at t;.

We corrected these values for the small changes in volume observed dur-
ing post mortem manoeuvres at corresponding inflation volumes. During
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Fig. 6.3 O, uptake, CO; output and respiratory exchange ratio R.

Oxygen uptake Vo, (panel a) was obtained by calculating the ratio AVo,/Atrgr per
rebreathing cycle. CO, output ch2 was derived similatly from AVeo, (panel b). The
values are expressed at STPD. Vertical lines are standard deviations (n=24). The steady
state oxygen consumption during normal mechanical ventilation averaged over all exper-
iments is indicated by the dotted line. The respiratory exchange ratio R (panel ¢) was
derived from the ratio AVco,/AVo,. Zero time was taken at the start of the first in-
flation in the rebreathing procedure. A, B and C: rebreathing at low, medium and high

volume level, respectively
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TABLE 6.2

Decrease in lung volume during an inspiratory pause and during rebreath-

ing.
low volume medium volume high volume
Time AVL AVL AVL AVL AVL AVL
rebr. IP rebr. IP rebr. IP
s mlkg™? mlkg™? mlkg™* mlkg™? mlkeg™?  mlkg™?
n=24 n=24 n=24 n=24 n=24 n=24
t; 039 0.00 0.00 0.00 0.00 0.00 0.00
(0.00)  (0.00) (0.00)  (0.00) (0.00)  (0.00)
to  05.9 | -0.22 -0.30 -0.06 -0.10 0.03 -0.02
(0.08)  (0.16) (0.05)  (0.06) (0.04)  (0.06)
t; 07.9 | -0.44 -0.71 -0.13 -0.20 0.05 -0.01
(0.13) (0.22) (0.09) (0.09) (0.07) (0.10)
ts 09.9 | -0.67 -1.02 -0.23 -0.32 0.05 -0.02
(0.18)  (0.30) (0.13)  (0.12) (0.10)  (0.15)
ts 11.9 | -0.90 -1.34 -0.36 -0.44 0.04 -0.05
(0.23) (0.30) (0.18) (0.16) (0.15) (0.20)
te 13.9 | -1.14 -1.68 -0.50 -0.62 -0.02 -0.09
(0.28)  (0.34) (0.22)  (0.20) (0.19)  (0.25)
ty 15.9 | -1.39 -1.93 -0.66 -0.79 -0.09 -0.16
(0.32)  (0.39) (0.26)  (0.25) (0.24)  (0.29)

t1...t7: points in time after the start of insufflation both for the rebreathing procedures
and the inspiratory pause procedures. AVy, (rebr.) is the decrease in lung volume caused
by gas exchange, derived from the rebreathing analysis. AVy (IP) is the decrease in
lung volume during an inspiratory pause based on the mercury cord around the thorax.
Values in parentheses are standard deviations. The sign * is added when the values were
significantly different at p < 0.05.
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Fig. 6.4 Decrease in lung volume during rebreathing and during inspiratory pauses at
different volumes.

Panels a, b and ¢ show the decrease in lung volume at low, medium and high volume
levels above end-expiratory lung volume respectively. In each panel the continuous line
represents the average changes in lung volume detected by the mercury strain gauge during
inspiratory pauses. In panel a the loss of volume during an inspiratory pause at 5 ml.kg™?
is presented too. The changes in lung volume during rebreathing procedures, estimated
from oxygen uptake V02 and CO; output \.fco2 are also shown in each panel (dash-dotted
lines). Vertical bars indicate the standard deviations.
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inspiratory pauses which were performed post mortem we did not detect
a significant decrease in lung volume (AV; _7) between t; and t; at low
volumes (inflation 0 mlkg=!: AV; 7 =-0.07 £ 0.09 (SD) mlkg™?, n=6)
and at medium volumes (inflation 13 ml.kg™!: AV; 7 = 0.00 = 0.10 (SD)
ml.kg™!, n = 6). However, at large inflation volumes (26 ml.kg™?) a small
decrease in lung volume was generally observed AVy, 7 = -0.23 &+ 0.11 (SD)
mlkg™!, n = 18. This decrease in lung volume was thought to be caused
by a small redistribution of blood from the thoracic into the abdominal
compartment. This assumption was based on preliminary observations with
two mercury strain gauges, one around the rib cage the other around the
abdomen. We assumed that the same redistribution took place ‘in vivo’
and have subtracted the ‘post mortem’ volume decrease from the ‘in vivo’
decrease in intra-thoracic volume. These corrected values are presented in
Fig. 6.4 (continuous lines) at each volume level and are listed in Table 6.2.

6.3.6 Comparison of the changes in lung volume

In Table 6.2 we have indicated the significant differences between the changes
in lung volume derived from inspiratory pause procedures with the use of
the mercury strain gauge and the changes in lung volume derived from the
rebreathing procedures. At end-expiratory volume level the loss of lung
volume during rebreathing was smaller than the loss of lung volume during
the pause procedure. At the medium and high lung volume the decrease
in volume during inspiratory pauses and during rebreathing procedures was
not significantly different. Thus, at these volume levels the loss of volume
during inspiratory pauses was equal to the loss of volume estimated from
the gas exchanges during rebreathing.

6.4 Discussion.
6.4.1 Gas exchange during breath holding

The mechanisms affecting gas exchange during breath holding have been
described in detail by Mithoefer [73] and Lanphier and Rahn [61]. Therefore,
we will restrict our description to the most important aspects.

When a breath holding period is started after an insufflation the CO,
output will be relatively large due to the low alveolar CO; tension (P4 co,)-
Because of this input of CO; into the alveoli P4 co, will rise. In the same
period the amount of oxygen in the lungs is gradually decreasing due to the
sustained oxygen uptake. Because of the constant amount of Ny in the lungs
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the lung volume decrease will be smaller in percentage of the initial volume
than the uptake of oxygen in percentage of its initial fraction and therefore,
the oxygen fraction will also decrease. During the first 20 s of breath holding,
oxygen uptake is thought to remain constant [73] in the presence of a gas
mixture of 40 % O, and 60 % N, in the lungs [73], provided lung perfusion
is also constant. The dependence of oxygen uptake on perfusion is called
circulation-limited O, exchange. Because of the rise in P4 co, the gradient,
i.e. the driving force for CO2, between blood and alveolar gas will also
diminish and COj-transfer will decrease. Therefore, the decrease in lung
volume will gradually increase to the level of O, uptake. Another mechanism
which will decrease CO; output will be the rise in P4 co, by a concentrating
effect due to the loss of lung volume.

6.4.2 Influence of the volume level on gas exchange

In Chapter 4 we hypothesized that the difference in gas exchange between
inspiratory pause procedures at different inflation volumes is caused by

1. the difference in the volume of the first inflation, which does not
contain CO,,

2. the influence of the total lung volume on the gas exchange, and

3. the effect of the volume level, i.e. the intra-thoracic pressure on
lung perfusion.

The first mechanism causes Py co, to start at a lower value after a larger
inflation volume, which will augment CO, output. The absolute lung volume
is important because for a given O, uptake and CO, output the changes
in concentration will be more pronounced at smaller lung volumes than
at larger volumes [61,50]. The effect of lung volume on gas exchange, in
particular on arterial O,-saturation, has also been described by Findley et al.
[28]. These authors observed a gradual oxygen desaturation of arterial blood,
during apnoeic periods of 30 s after inhalation of room air. At lower lung
volumes the desaturation was more severe. Because of the higher inspiratory
O, fraction (0.4) this effect was presumably negligible in our experiments.
During an inspiratory pause lung perfusion will be more reduced at larger
inflation volumes, due to the reduced venous return caused by the higher
intra-thoracic pressure as shown by Versprille and Jansen [104]. Cardiac
output was about 30-50 % lower than mean cardiac output after inflations
of 25 mlkg™!. Moreover, during prolonged end-expiratory pauses cardiac
output was significantly higher than mean cardiac output [55]. Therefore,
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we supposed the higher oxygen uptake during rebreathing at low inflation
volumes to be a consequence of the higher lung perfusion. In accordance
with Mithoefer et al. [73] and Hong et al. [44] we do not assume a change in
metabolic oxygen consumption during the short (30 s) periods of rebreath-
ing, and we consider the changes in oxygen uptake as non steady state effects
caused by the temporary changes in blood flow due to the imposed inflation
and rebreathing cycles.

6.4.3 Rebreathing and inspiratory pause

We used the rebreathing procedures for the estimation of the decrease in lung
volume during inspiratory pause periods. These rebreathing procedures were
similar to the procedures performed by Lanphier and Rahn [61] and Hong et
al. [44]. In their experiments spontaneously breathing subjects were asked
to breathe out a volume of about 600 ml from either TLC-level or FRC-level
into a sampling bag, immediately followed by a re-inspiration (rebreathing)
of the gas from the bag. Then, after a breath holding period of 10-30 s, the
rebreathing procedure was repeated.

Because our aim was to estimate changes in lung volume during inspira-
tory pauses of about 15 s this ‘rebreathing cycle’ was performed more fre-
quently in our experiments, i.e. every 2 s. The rebreathing volume we applied
(13.2 ml.kg™!) was about three times the physiological dead space. This
dead space was estimated in mechanically ventilated piglets by van Rooyen
[88] in our laboratory. We assumed the end-expiratory gas free of dead space
contamination, thus, the gas concentrations reflecting alveolar gas composi-
tion [103].

During rebreathing around end-expiratory lung volume the decrease in
volume was smaller than the decrease during a prolonged end-expiratory
pause (Fig. 6.4a). However, the decrease in volume during rebreathing at
this volume level was significantly larger than the decrease during an in-
spiratory pause at 5 mlkg™! (Fig. 6.4a). The difference in loss of volume
between both procedures at end-expiratory lung volume could be attributed
to two mechanisms.

Firstly, we suppose that the rebreathing procedure per se increased the
output of CO; over a longer period of time in comparison with a pause at
end-expiration in which P4 co, was presumably soon in equilibrium with
the mixed venous concentration. The extra CO, output was probably due
to a cyclically changing CO,-gradient between blood and alveolar gas. This
gradient, and therefore CO, transfer into the alveoli, increased periodically
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during rebreathing when inflation diluted alveolar gas with gas from the
ventilator, which has a lower Pgo, than alveolar gas.

Secondly, mean cardiac output may have been smaller during the re-
breathing procedure, because during insufflation a rather large decrease in
venous return occurs [104], whereas cardiac output is hardly increased above
the end-expiratory level during a deflation below end-expiratory lung vol-
ume. Below end-expiratory lung volume cardiac output is constant in spite
of a decreasing intra-thoracic, and thus a decreasing central venous pressure
[38]. Therefore, the effect of circulation limited O,-exchange may have been
larger during rebreathing than during the prolonged expiratory pause.

Rebreathing around higher lung volumes showed a decrease in lung vol-
ume which was less different from the decrease during inspiratory pauses at
corresponding volumes. At higher lung volumes we suppose the CO2 output
into the alveoli to continue longer during the inspiratory pause. However
the CO, output during an inspiratory pause is not necessarily equal to the
CO; output during rebreathing.

6.4.4 Conclusions

We tested the hypothesis that the decrease in lung volume during an inspi-
ratory pause depends on a difference between CO, output and O, uptake.
The relevant findings for this test were the following.

1. During a rebreathing procedure lung volume gradually decreased,
showing a change in the same direction as the change in lung
volume during an inspiratory pause.

2. This decrease in lung volume was due to the difference in ex-
change between oxygen and carbon dioxide.

3. This difference was more prominent at lower lung volumes.

4. During rebreathing at the lowest volume level the decrease in
lung volume was found to be smaller than during prolonged end-
expiratory pauses (0 mlkg™! inflations). At medium and high
volume levels the decrease in lung volume during rebreathing was
almost equal to the decrease in volume during the inspiratory
pause.

Thus, we regarded the hypothesis that the decrease in lung volume during
an inspiratory pause depends on gas exchange to be verified.

88



CHAPTER 7

STRESS-RELAXATION IN
TRACHEAL PRESSURE

7.1 Introduction.

The marked gradual decrease in tracheal pressure as observed during in-
spiratory pauses (cf. Chapters 4 and 6) was attributed to viscoelasticity
(stress-relaxation) and a loss of lung volume due to gas exchange.

At large inflation volumes, when the loss of lung volume was small,
the gradual decay of tracheal pressure had a close similarity to that of an
exponential function of time superimposed on a constant pressure level (cf.
Chapter 4). We expected such an exponential decay also to be present at
low inflation volumes, however, at these volumes a slow additional decrease
in pressure occurred due to a rather large loss of lung volume.

In the present study we have analysed the decrease in pressure during
an inspiratory pause in the absence of a loss of lung volume by performing
‘post mortem’ inspiratory pause procedures.

The objectives of this study were:

e to examine whether the Pr—decay could be described by a (multi)-
exponential function of time and consequently whether the pressure
decay could be extrapolated to a constant (static) recoil pressure of
the respiratory system, corresponding to the volume of inflation,

s to consider whether such a characterization of the pressure decay could
be applied in the ‘in vivo’ experiments.

Additionally, we separated the contribution of the lungs and that of
the thorax to the total respiratory compliance and to the fall in tracheal
pressure during an inspiratory pause. Therefore, we also measured intra-
thoracic pressure.

In order to elucidate the analysis and discussion of the ‘post mortem’
pressure decay some aspects concerning the modelling and description of
stress-relaxation are discussed in the next section.
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7.2 Stress-relaxation.

In some materials a sudden increase in strain, which is defined as the relative
change in length AL of a material as a fraction of its resting length Lo, is
associated with an initial increase in stress which is followed by a phase in
which the stress asymptotically decays to a lower value (stress-relaxation).
This feature has been recognized for many materials including human and
animal tissues [19,45,46,47,49,62,92]. Since, a recovery in stress after a step-
wise decrease in strain has also been described, some authors prefer to call
this phenomenon stress-adaptation [19,92].

Stress-relaxation has been observed within the alveolar wall [29,94], in
muscles and most arteries [5]. In the lungs, however, the decay in pressure
after a stepwise increase in volume seems to be primarily caused (for about
70 %) by the air-liquid interface in the alveoli [46,47,62,70,77]. This was
concluded from a markedly reduced stress-relaxation in excised saline filled
lungs, in which the air-liquid interface was eliminated [6,8,47,62]. Moreover,
viscoelastic properties were demonstrated in extracts of lung surfactant [16].
It has been postulated that the slow reversible movement of surfactant be-
tween the gas-liquid interface and the liquid sublayer is involved [48].

7.2.1 Modelling of stress-relaxation

Stress-adaptation, and part of the hysteresis in pressure-volume loops are
considered to be phenomena which can be described by the theory of vis-
coelasticity. This theory combines descriptions of the properties of elasticity
and viscosity [53]. However, some authors included another property which
is analogous to dry friction to describe viscoelastic phenomena [24,42]. These
three basic properties are defined below.

Elasticity. Elasticity is the property of a material which causes a reversible
change in stress proportionally to the applied change in strain (equation 1).
The relation between stress and strain is:

oc=¢cE (1)

where o is the stress (N.mm~2), ¢ the strain calculated by € = (L-Lo)/Lo
(Lo resting length and L current length of the material (m) ) and E is a
constant which has been called the elastic modulus (N.m™2). An example
of an elastic or Hooke element is a perfect spring, see Fig. 7.1A.
Viscosity. According to Newton’s law a viscous element develops a stress
o always directly proportional to the rate of strain but independent of the
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Figure 7.1. Model of viscoelasticity
An elastic element (E: ‘spring’, panel A) and a viscous element (7: ‘dash-pot’, panel B)
are combined in a mechanical model of viscoelasticity (panel C), consisting of two maxwell

elements and an elastic element. For explanation see text.

absolute value of the strain. The relation between the stress o and the rate
of strain de/dt is presented in equation 2

de
o=1.— (2)

where 7 is the viscosity modulus (N.s.m™?). An example of a mechanical
element representing viscosity is the dash-pot, see Fig 7.1B.
Plasticity. Sometimes a third element is used to describe viscoelasticity.
This element can be considered as a dry friction. No change in strain occurs
until a certain threshold in the stress is reached. Thereafter, the element
causes a constant opposing stress, which is finished when the threshold is
passed in a reverse way. Due to this property the element is nonlinear.

Lorino et al. [62] demonstrated in excised rat lungs that for small
pressure-volume loops the hysteresis could be explained entirely from elas-
tic and viscous elements. However, Hildebrandt et al. [42] argued that
about one-third of the lung hysteresis could be attributed to rate indepen-
dent plastic strain. Although no general agreement exists about the relative
contribution of these elements to viscoelastic properties of the respiratory
system, the study in this chapter is confined to a linear mechanical model
consisting of springs and dash-pots.
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7.2.2 Stepwise increase in strain in a mechanical model

In an elastic element a stepwise applied strain is accompanied with a stepwise
change in stress without any subsequent change in stress. In a viscous
element, however, an infinite stress is associated with a stepwise strain,
because de/dt — co. Models of viscoelasticity are all based on a combination
of elastic and viscous components. From the two possible combinations of
a spring and a dash-pot only the series combination, the Maxwell element,
exhibits a decay in stress after a stepwise increase in strain. This decay is an
exponential function of time and can be described by the mono-exponential
function
o(t) = Pr.e(7) (3)

where o is the stress in N.m~2, P; is a constant (N.m~%), and 7 equals
1/E where 1 and E are respectively viscosity and elasticity.

When the rate of extension de/d¢ is constant for a finite period of time,
then the pressure developed in the Maxwell element is given by equation 4
during the period of extension.

o(t) = 0.5 (1- e ¥) (@)

Since the stress returns eventually to zero after the stepwise increase
in strain this simple series combination cannot describe stress-relaxation in
lungs in which pressure decays to an asymptotic level different from zero
[95]. Therefore, the simplest description of stress-relaxation is the combi-
nation of a Maxwell element in parallel with a spring. If the viscoelastic
properties of the lungs could be described by a model with one time con-
stant then the area of hysteresis in small pressure-volume loops would be
rate dependent, which is in contrast with studies on hysteresis in excised
lungs [7,41]. Therefore, it is generally thought that two or more time con-
stants are required for description of viscoelastic phenomena [7,41,45,62],
implying a viscoelastic model with (at least) two Maxwell elements and a
spring in parallel as is shown in Fig. 7.1C [20,67,108]. Such a model can
account for the bi-exponential decay which has been reported in some stud-
ies on stress-relaxation [62,108]. However, the time-constants which were
reported in such studies varied substantially. In a study of Nagao et al. [75]
in rabbit lungs two parallel Maxwell elements were used to describe pressure
adaptation. In that study the element with the shortest time constant (1, =
30 s), represented the ‘fast’ relaxation and the other element (7, = 600s) the
‘slow’ component. Lorino et al. [62] used three time constants for descrip-
tion of stress-relaxation curves in excised rat lungs (1, = 0.6 s, 72 = 6.5s,
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73 = 95 5). They attributed the shortest time constant mainly to a measure-
ment artefact, the element with » = 6.5 s to tissue stress-relaxation and the
longest time constant to stress-relaxation of the air-liquid interface. Sharp
et al. [92] used in a different mechanical model consisting of springs and
dash-pots a time constant of 5 s to describe the stress-adaptive properties
of the human respiratory system.

7.2.3 Linearity of the pressure decrease with logarithm of time

It has been often noted that pressure decay due to stress-relaxation is lin-
ear when plotted as a function of the logarithm of time [41,45,46,93,96].
Hildebrandt [41] reported that the pressure decay in excised lungs could be
described by the function
m:A—B.logt (5)
Vr

where: Vrp is tidal volume, ¢ is time and A, B constants.

This description obviously fails both at the start (¢ = 0) and for t —
0o. Therefore, no plateau pressure can be estimated with this description
of the pressure decay. The linearity of the pressure versus logt course was
confirmed in our experiments. Besides, the tracheal pressure decay implied
an exponential function of time superimposed on an asymptotic pressure
level, predicted by the physical model shown in Fig. 7.1C. We have focused
our attention to the latter description of the pressure decay.

7.3 Methods.

For the analyses of ‘post mortem’ stress-relaxation we used the same piglets
as were used in the experiments mentioned in Chapter 6. At the end of
those experiments the pigs were killed by an overdose of pentobarbital, in-
jected intra-venously. The ‘post mortem’ observations were usually started
ten minutes after the administration of the overdose. During this period
and in between the ‘post mortem’ observations mechanical ventilation was
continued at the same rate and volume as in the ‘in vivo’ situation. Af-
ter the period of about ten minutes blood pressures were close to zero and
no significant differences in concentration were found between inspiratory
and expiratory gases, indicating absence of pulmonary gas exchange. The
experimental set-up was identical to the set-up described in Chapter 6.
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7.3.1 Measurements

Measurements of the changes in central venous pressure P, were used as
a substitute for the changes in intra-thoracic pressure in the ‘post mortem’
situation. We did not use the relationship between P, and intra-thoracic
pressure in the ‘in vivo’ studies because of the relatively large cardiac inter-
ference which was imposed on the small pressure fluctuations due to changes
in lung volume. Besides, when relevant, changes in venous blood volume may
cause changes in wall tension of the veins, which will jeopardize an accurate
estimation of changes in intra-thoracic pressure via central venous pressure.

7.3.2 Observations

Ten minutes after killing the piglet we performed a series of 6-8 inspiratory
pause procedures. The ventilatory pattern of these procedures was the same
as in the ‘in vivo’ procedures: inflation time 2.5 s, inflation volumes rang-
ing from 0 to 25 ml.kg™! ATPD performed in a random sequence, and an
inspiratory pause of 15 s. Inflation always started from the end-expiratory
volume level. During the pause the extra valve X (Fig. 3.2) was used, as in
the ‘in vivo’ observations.

End-expiratory lung volume Vy, gg was not measured in the ‘post mortem’
observations. We have used the change in the signal of the mercury strain
gauge between the end-expiratory level in the ‘in vivo’ observations and that
in the ‘post mortem’ observations as an indication for changes in Vi, gg.

We have restricted all observations to the first 30 minutes after death in
order to avoid effects of deterioration of the pulmonary tissues and alveolar
lining fluid on the measurements, as well as possible.

7.3.3 Data analysis

Analysis of the tracheal pressure decay. By a semi-logarithmic plotting
of the decay in Pp versus time it was observed that the pressure decay
could not be described by a model with only one time-constant, see Fig 7.2.
Therefore, an attermpt was made to fit the pressure decay by a bi-exponential
function superimposed on a constant pressure level

P = Pyot + Pre”t/™ 4 Pt/ (6)

where Pgiat is the asymptotic pressure level, P; and P, are the magni-
tudes of the pressure decay (cm H20) in the respective exponential functions
and 7y and 7, are the respective time constants (s). In the analysis the first
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Figure 7.2. Semi-logarithmic plot of the pressure decay.
A tracing of the ’post mortem’ decay in Pp with reference to the pressure estimated by

exponential extrapolation of the pressure-time course during an inspiratory pause.

exponential function with parameters P; and 7 was linked to the slow de-
cay in tracheal pressure whereas the second exponential function (P, and
72) was linked to the fast decay in pressure.

For the estimation of the 5 parameters of the bi-exponential model we
used a nonlinear least squares technique suggested by Levenberg and intro-
duced by Marquardt [65,78]. In this technique parameters are determined
which minimize the quantity

N
X2 = Z(PT(ti) - P(tiaPstataP17P27Tl’Tz) ) 2 (7)
1

where Pr(¢;) are pressure values at time points ¢; fori = 1...N, and
P(t;, Pstat, P1, P2, 71, 72) is the function described in equation 6.

The Marquardt parameter estimation technique works adequately in
practice and has become a standard of the nonlinear least square methods
[78,107].

In the decay of the semi-logarithmic plotted Py a part could be defined
in which the decrease was approximately linear (from 6 to 15 s) in all in-
spiratory pause periods, which is also demonstrated in Fig. 7.2. By using
a mono-exponential fitting procedure P = Pint + Py.e~t/™ the parameters
Pstar, P and 7 of this function were estimated. These parameters were
used as starting values for the 5-parameter fit.
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We have limited the number of pressure data in the fit to maximally
500 in order to reduce computing time. To account for the influence of
differences in time constants on the quantity x? [62,107) more data points
from the first part of the pressure decay were used than from the remaining
part. In the fit procedure all data points from the first 1.5 s of the pressure
decay (samples 1...150) were used and the remaining data points between
1.5 and 15 s (1350 samples) were compressed linearly into 350 entries. The
choice of 1.5 s was arbitrary.

Goodness of fit. We quantified the goodness of fit

1. by calculating the variance s32 in a short period of time (20 sam-

ples, 0.2 s) at the end of each pause. The variance was assumed
to represent the variance in the pressure measurement, because
pressure decrease due to stress-relaxation was sufficiently small
in the considered time interval. The standard deviation of the
pressure signal was estimated from /s, 2 and was found to be
about 0.02 cmH,0. This standard deviation was about equal to
the accuracy of the analogue to digital converter used in this
study. The variance in the pressure signal was unaffected by the
absolute value of the pressure as well as by the moment in the
inspiratory pause.

2. by calculating the variance s;? of the difference between Pt and
the exponential function by using all data points between 0 and
14.8 s. This variance will be close to the variance in the pressure
signal if the exponential function properly fits to the pressure-
decay curve. It may be considerable larger in case of a lack of

fit.

3. by calculating the ratio F = s;2/s,% and by testing the equality
of variances 512 and s,2.

Compliance estimates. Cpg was estimated from the multiple inspiratory
pause method (Crp q), which was described in section 4.2.5. Thoracic and
lung compliance were derived similarly from the quasi-static pressure-volume
relationship with pressure based on P, (with respect to ambient pressure)
and Pr minus P, respectively.

The separation of lung and thoracic viscoelasticity. We did not
perform the bi-exponential analysis on Py because the pressure decay was
relatively small and not as smooth as the Py decay.
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Yet, to distinguish the contributions of lungs and thorax to the decay in
Pt during an inspiratory pause, we calculated the difference in Pt between
1.5 s and 15 s and similarly for P.,. We chose for 1.5 s because we assumed
the pressure fall from 1.5 s to the end of the pause to be mainly caused by
viscoelasticity (stress-relaxation), in contrast with the pressure fall in the
first 1.5 s, which was assumed to be influenced also by other mechanisms
as equilibration of gas pressures. The difference in P, between 1.5 s and
15 s was thought to be representative for the pressure decay of the thoracic
compartment in that period of time. The change in the tracheal pressure
was assumed to be equal to the sum of the fall in pressures in lungs and
thorax, enabling the estimation of the change in pressure in the lungs.

7.4 Results.
7.4.1 Comparison of ‘post-mortem’ and ‘in vivo’ observations

Vi,gE was lower in the ‘post mortem’ observations than in the ‘in vivo’ ob-
servations. The decrease in lung volume, 1.8 + 0.9 (SD) mlkg=!, n = 6,
was estimated from the change in end-expiratory level detected by the mer-
cury strain gauge. This decrease in Vi, gg was accompanied with an in-
creased peak pressure at end-inflation in ‘post mortem’ ventilation com-
pared with the ‘in vivo’ ventilation. The decrease in lung volume will
have caused a larger change in recoil pressure for the same tidal volume
due to an increase in curvilinearity of the P-V curve at low lung volume.
In spite of this increase in peak-pressure, Crpgq did not change signifi-
cantly between the ‘in vivo’ and the ‘post mortem’ observations. In the
last series of inspiratory pause procedures which was performed ‘in vivo’,
Crp,q was on average 2.1 £ 0.4 (SD) ml.cmH; 0" kg™ in the six exper-
iments, whereas in the ‘post mortem’ observations Cip, was on average
2.3 £ 0.3 (SD) ml.cmH,0 kg™t

Because of the differences in peak pressure we checked whether the fall
in pressure during the inspiratory pause was comparable in both situations.
Fig 7.3 shows a tracing of Py during a typical ‘in vivo’ inspiratory pause
in combination with a tracing during a pause at the same inflation volume
performed ‘post mortem’. The pressure decay ‘in vivo’ was much larger than
‘post mortem’.

In Fig 7.4 the fall in Py between 1.5 and 15 s in the inspiratory pause
is presented as a function of the inflation volume both for the ‘in vivo’
situation and for the ‘post mortem’ situation. The fall in Pr was larger in
the ‘in vivo’ inspiratory pauses than in the ‘post mortem’ inspiratory pauses,
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Figure 7.3. Pressure decay during an inspiratory pause.
Two tracings are presented during ‘in vivo’ and during ‘post-mortem’ circumstances re-

spectively. The volume of inflation was 14 mlkg™" (BTPS) for both tracings.
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Figure 7.4. Fall in Pt between 1.5 and 15 s in an inspiratory pause.
The difference in Pp between 1.5 and 15 s in an inspiratory pause APt (1.5_15) is plotted
versus inflation volume Vi at BTPS conditions under ‘in vivo’ (0) and ‘post-mortem’ (4)

circumstances. For explanation see text.

in particular at low inflation volumes. We assumed this difference to be
caused by the loss of lung volume in the ‘in vivo’ experiments. Since at large
inflation volumes the difference lost statistical significance we assumed the
‘post mortem’ stress-relaxation to be comparable with the ‘in vivo’ stress-
relaxation.

7.4.2 The description of the pressure decay during an inspiratory pause

A typical example of a fit of the five parameters of the bi-exponential func-
tion (equation 6) to the decay in Pr during an inspiratory pause is pre-
sented in Fig 7.5. The bi-exponential description of the Pt decay during
the inspiratory pause did not always yield an acceptable fit according to
the goodness of fit criterium, in particular for medium and large inflation
volumes. However, a close agreement between fit and data was observed
in the second half of the inspiratory pause, indicating that a reliable es-
timate of the asymptotic pressure level was obtained. We calculated the
overestimation of Py by the pressure after an inspiratory pause of only
1.5 s from (Pr 1.5 — Pstat)/(Pstat — Peg) similar to the analysis presented in
Chapter 4, equation 1. Fig. 7.6 shows this overestimation as a function of
tidal volume. At an inflation volume of 20 ml.kg™! the overestimation of
the asymptotic pressure level was about 10%, which is similar to the data
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Figure 7.5. A five parameter fit of the pressure decay during an inspiratory pause.
Example of a 5 parameter fit using equation 6. The P signal and the curve of the bi-

exponential function are presented in panel A, the residual errors are presented in panel B.

presented in Chapter 4.

In Fig. 7.7 the parameters Py, which is the ‘magnitude’ of slow expo-
nential decay, and 7, which is the time constant of the slow decay, and the
parameters Py and 75 of the fast decay are presented as functions of inflation
volume.

The magnitude of the slow exponential decay P; (Panel A) was larger
for larger tidal volumes. A similar relationship with volume was found for
the magnitude of the fast decay, P,. It has to be emphasized, however, that
these parameters may be also dependent on the rate of airflow during the
inflation, because inflation time was constant (2.5 s) in all procedures.

The ratio Py /Psiat was larger for larger volumes, which might also be an
indication for a relative increase of viscoelasticity at increasing tidal volumes.
The ratio increased from about 0.04 at 5 ml.kg™! inflations to about 0.15 at
about 25 ml.kg™! inflations.

Parameter 71, the time constant of the slow pressure decay, was on av-
erage 8.2 & 2.5 (SD) s, n=30 (Panel B) in all inspiratory pause procedures.
The time constant was lower at inflation volumes below 10 ml.kg™?! than at
volumes between 10 and 30 mlkg™! (BTPS). The short time constant 7
was on average 0.6 + 0.15 (SD) s, n=30 (Panel D).
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Figure 7.6. Overestimation of Pytat by Pr1.5. The overestimation of P, by the mea-
surement of the pressure after an inspiratory pause of only 1.5 s (expressed in %) as a

function of inflation volume.

7.4.3 Compliance and pressure fall in lungs and thorax

Compliance of the chest wall, being 19.4 + 2.3 (SD) ml.cmH,0~1 kg™, n=86,
was much larger than the compliance of the lungs, being 2.4 + 0.4 (SD)
ml.cmH, 0 1.kg™!, n=6. The fall in pressure between 1.5 and 15 s was
also significantly different between thorax and lungs. Fig 7.8 shows this
difference in pressure versus inflation volume, normalized to the weight of
the pig. Both the pressure decrease in the thoracic compartment and the
pressure decrease in the lungs between 1.5 and 15 s pause are presented. At
small and medium volume the fall in pressure in the lungs was twice as large
as that in the thoracic compartment. At larger inflation volumes the fall in
pressure was disproportionally larger in the lungs.

7.5 Discussion.
7.5.1 Comparison of thoracic and lung compliance

The compliance of the chest wall is often reported to be about equal or
slightly larger than the compliance of the lungs in healthy adult man and
full-grown animals [18,39,92]. The large difference in compliance between
lungs and thorax in the present investigation might be caused by 1) the age
of the pigs, since thoracic compliance is much larger than Iung compliance
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Figure 7.7. Parameter values of the bi-exponential decay.
Panels A and B show the parameters P; and 1 of the slow decay. Panels C and D show
the parameters P, and 7 of the fast decay. All parameters are plotted as functions of the

inflation volume, normalized to bodyweight.
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Figure 7.8. Fall in transpulmonary pressure and transthoracic pressure during ‘post
mortem’ inspiratory pauses.
The decrease in Pp between 1.5 and 15 s in the inspiratory pause is subdivided into a

lung (A) and a chest wall component (O). Values of AP;.5_15 are expressed cm H2O.

in newborns and infants [2,4], 2) the difference in species with respect to
humans.

7.5.2 Description of the decay in pressure during an inspiratory pause

A bi-exponential fit approximated the gradual pressure decay during the
inspiratory pause, but a lack of fit was a common finding. '

Usually we could not recognize the sharp decrease in pressure due to
equilibration of gas pressures in the initial phase of an inspiratory pause
reported by many investigators [3,89,90]. Moreover, the transient phase in
the pressure-time course at the start of an inflation was also small (Fig. 5.1
page 65) and, therefore, airway resistance was probably small. This might
be the reason why the entire pressure-time course during inspiratory pauses
in our study had a close similarity to a smooth bi-exponential function su-
perimposed on a constant pressure level. Our data were not satisfactory
to divide the pressure decay during an inspiratory pause into a part due to
equilibration of gas pressures and a part due to merely stress-relaxation. We
suppose, however, that Py and a substantial part of P, are linked to the fall
in pressure due to stress-relaxation.

In accordance with the study of Hughes et al. [49] in rabbit lungs, stress-
relaxation was found to increase nonlinearly with volume. This nonlinearity
was more prominent in the lungs than in the thorax. Therefore, the non-
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linear increase in tracheal pressure during inflations at constant flow rate to
volumes higher than about 15 ml.kg™!, mentioned in Chapter 5, is probably
related to the nonlinear increase in stress-relaxation of the lungs.

The time constants of the slow exponential decay were similar for all ‘post
mortem’ procedures except for the inspiratory pause procedures at about 5
mlkg~!. This might be due to the small stress-relaxation combined with
the measurement errors in the pressure signal. Although the slow decay in
pressure was adequately described by an exponential function it is expected,
based on findings of other investigators that greater time constants will be
found when the time interval is prolonged (cf. references in section 7.2.2).

In the section on stress-relaxation it was mentioned that an exponential
decay after a sudden increase in strain could be described by a mechanical
model (Maxwell element) consisting of a series combination of a dash-pot
and a spring. Assuming similar parameters in the Maxwell element both
during inflation and inspiratory pause, a time constant of about 8 s will
be found during inflation too. Considering equation 4, which describes the
pressure rise in the Maxwell element, when it is strained at a constant rate,
the dynamic component of the pressure does not become constant during a
rather short inflation period. This might be the reason for the differences
between the slope of the dynamic pressure-volume curves during the inflation
and the slope of the quasi-static pressure-volume PVyp curve (cf. Chapter 5,
Fig 5.2, page 65), explaining the lower values of pulse compliance with
respect to Crp .

For several reasons we considered the analysis of the pressure decay with
the use of a model based on two Maxwell elements in parallel not suitable
for the ‘in vivo’ situation, because:

e A marked cardiac interference was usually observed on the tracheal
pressure signal (cf. Fig. 7.3) causing a poor signal-to-noise ratio, which
could hardly be improved by filtering techniques,

e A reliable fit of the parameters of the bi-exponential function to the P
tracing requires a sufficiently long inspiratory pause, considering the
slow decay with a 3 of ~ 8 s. However, during prolonged inspiratory
pauses in the ‘in vivo’ situation a decrease in pressure occurred due to
a loss of lung volume.

e It is obvious that we are dealing with a nonlinear viscoelastic effect,
based on the curvilinear relationship between parameters P; and P,
and the volume of inflation (Fig. 7.7A). Therefore, the parameters
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of the mechanical model, described in Fig. 7.1C, are dependent on
the inflation volume, and consequently not very useful to characterize
lung tissue condition. For measurements of viscoelasticity very small
inflation volumes have to be used to avoid such an nonlinear effect
[62]. However, at low inflation volumes stress-relaxation is also lower,
causing a lower signal-to-noise ratio

‘We conclude that in the post mortem situation in mechanically ventilated
piglets the static recoil pressure during an inspiratory pause can be estimated
by fitting a bi-exponential function of time superimposed on a constant
pressure level to the Pp-decay curve. The bi-exponential decay approximates
the pressure decay during the whole inspiratory pause. However, in the
‘in vivo’ experiments such an analysis is thought to be too complex to be
carried out, in particular because of the gradual loss of lung volume during
the inspiratory pause.
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Summary

Chapter 1

In this chapter aspects of the pressure-volume (P-V) relationship of the
respiratory system reported in the literature are discussed. The compliance
Cgs of the total respiratory system can be estimated by calculating the ra-
tio between a change in lung volume (AV) and a change in recoil pressure
(APgs) of lungs and thorax. During mechanical ventilation Pgrg is usually
obtained by measurement of the airway pressure, P sw. This pressure, might
be affected by a dynamic pressure component due to airway resistance and
inhomogeneities in ventilation. Moreover, the recoil pressure of the respira-
tory system will gradually change after a sudden change in lung volume due
to viscoelastic properties of the respiratory system.

During mechanical ventilation Crg can be estimated with the use of
inspiratory pause procedures. A stable difference between Ppw after an
inspiratory pause of 1.5 s and Psw at end-expiration has been reported in
several studies.

In preliminary studies, however, we observed a gradual decrease in P yw
during inspiratory pauses of several seconds, suggesting potential errors in
the estimation of Crs. In this thesis we considered primarily the mechanisms
which contribute to these errors as viscoelasticity and a loss of volume due
to gas exchange. Moreover, we evaluated several methods for the estimation
of Crg during mechanical ventilation.

Chapter 2

Five methods for the estimation of Crg during mechanical ventilation
are discussed. The inspiratory pause method is described first (Fig 2.1,
page 14). Cgrg can be obtained from AV /AP during each inspiratory pause
procedure. The volume and pressure data of inspiratory pause procedures
with different inflation volumes yield a quasi-static P-V relationship of the
respiratory system. This is called the multiple inspiratory pause method
(Fig. 2.2, page 16). The slope of the approximately linear part of the quasi-
static P-V curve (between 0.5 and 1.0 1 above end-expiratory lung volume
in human beings) has been advocated as an estimate of Cgrs. In the pulse
method, Cgg is estimated by calculating the ratio between the rate of airflow
(V) during an inflation at constant flow rate and the slope of the pressure-
time course (AP/At) according to: Crs = V/(AP/At) (Fig. 2.3, page 17).
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In a single slow inflation-deflation (SID) procedure a quasi-static P-V rela-
tionship of the respiratory system can be obtained in which again the slope
of the approximately linear part represents Cgs (Fig. 2.4, page 20). The
last method which is mentioned is the interrupter method, in which the
quasi-static P-V relationship of the respiratory system is measured during
short repeated interruptions (100 ms) of the airflow in passive expirations.

Chapter 8

In the experiments we used a computer controlled research ventilator
consisting of two bellows, synchronously driven by an electromagnetic mo-
tor. Mechanical ventilation and a series of special ventilatory procedures
could be performed by varying the volume of the bellows and by opening
and closing electromagnetic valves in the tubes between ventilator and lungs
(Fig. 3.2, page 28). Only one of the bellows was ventilating the lungs, the
other was flushed with a gas mixture containing 5% He. Mechanical venti-
lation could be switched to this bellows at the end of a normal expiration,
for the estimation of end-expiratory lung volume Vy gg. In our study we
used the ‘open wash-in’ method (Fig. 3.5, page 34) to check stability of lung
volume and the ‘closed wash-in’ method (Fig. 3.9, page 39) for estimation
of the absolute volume.

Chapter 4

In a series of 4 experiments with healthy, anaesthetized and paralysed
piglets, inspiratory pause procedures (with a pause of 9 s) were performed
at different inflation volumes, between 0 and 25 ml.kg~!. Four estimates of
Cgrs were obtained from the inspiratory pause method. Pressure was deter-
mined both at 1.5 s and at the end of the pause and changes in lung volume
were determined both by integration of the airflow (volume change AVyr,)
and by means of a calibrated mercury cord around the rib cage (volume
change AVyc). Crs was also estimated by means of the multiple inspira-
tory pause method, by calculating the slope of a line through the volume and
pressure points at the end of the inspiratory pauses in the approximately
linear part of the quasi-static P-V curve (Fig.4.3, page 52). The compliance
estimate represented by the slope was called Crpq. By means of the mer-
cury cord a gradual loss of lung volume was demonstrated in all inspiratory
pauses (Fig. 4.2, page 50), which was greater for lower inflation volumes.
We hypothesized this gradual loss of lung volume to be caused by a sus-
tained oxygen uptake and a decreasing CO, output from blood to alveolar
gas. At low inflation volumes the pressure decrease during an inspiratory
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pause could be mainly attributed to the decrease in lung volume, whereas
at large inflation volumes a substantial pressure decay was observed which
was mainly attributed to viscoelastic properties of the respiratory system
(Fig. 4.1, page 50 and Fig. 4.4, page 52). The airway pressure after an
inspiratory pause of only 1.5 s implied an overestimation of the static recoil
pressure of the respiratory system of about 10% when 20 mlkg™! was in-
sufflated.

Chapter 5

Two other methods for the estimation of Crg were evaluated: the pulse
method based on the dynamic P-V curve during inflation (compliance es-
timate Cp) and the slow inflation-deflation method (compliance estimates
Cinrr and Cpgrr)

We considered Cip g as reference in the comparison with the two meth-
ods. Cp was lower than Crp 4 (Fig. 5.2, page 65) and therefore the assump-
tion of a constant dynamic pressure component in P w during inflations at
constant flow rate, which should not affect the slope of the P-V relationship,
appeared to be invalid in our experiments.

In the majority of the SID procedures reported in the literature the re-
lationship between Paw and the insufflated volume was measured. During
slow inflation-deflation procedures of 70 s in our study an increasing differ-
ence was found between the imposed inflation volume and the actual change
in lung volume measured by means of the mercury cord (Fig. 5.4, page 68).
This difference was attributed to a continuous gas exchange, and was shown
to cause a marked underestimation of Crs when compliance was derived
from the deflation limb of the P-V loop based on the imposed inflation vol-
ume (Fig. 5.3). When volume changes were based on measurements with the
mercury cord Ciypr, and Cpgpy, were not significantly different from Crp 4.

Chapter 6

In Chapter 4 we hypothesized that the gradual loss of lung volume dur-
ing an inspiratory pause was caused by a continuous gas exchange. This
hypothesis was tested in 6 experiments. In these experiments inspiratory
pause procedures were performed (with a pause of 15 s) to detect the loss
of lung volume during the inspiratory pauses by using the mercury cord. In
addition, ‘rebreathing’ procedures were performed (10 ‘rebreathing’ cycles
of 2 s) at corresponding volume levels. The rebreathing procedures enabled
the semi-continuous monitoring of gas exchange.

We expected a slight difference between the loss of lung volume esti-
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mated from the rebreathing analysis and the loss of lung volume during
an inspiratory pause, because during rebreathing alveolar volume and gas
concentrations changed cyclically, affecting gas exchange. During an inspi-
ratory pause gas exchange is dependent on more gradually changing gas
concentrations.

Indeed, at a low lung volume the loss of lung volume was larger during
an inspiratory pause in comparison with the loss during the rebreathing.
This was attributed to a larger exchange of CO, into the lungs during re-
breathing. At larger volumes hardly any difference in loss of lung volume
was found (Fig. 6.4, page 84). Therefore, we regarded the hypothesis that
the loss of lung volume during an inspiratory pause depends on gas exchange
to be verified.

Chapter 7

Inspiratory pause procedures were also performed ‘post mortem’ to study
the gradual decay in pressure in the absence of a change in lung volume due
to gas exchange. Although differences in the pressure decay were observed
between the ‘in vivo’ and the ‘post mortem’ inspiratory pauses (Fig. 7.3 on
page 98 and Fig. 7.4, page 99) we attributed these differences to the loss of
lung volume in the ‘in vivo’ situation and we argued that the pressure decay
due to stress-relaxation was similar in both conditions.

The total recoil pressure was partitioned into recoil pressures of lungs and
thorax by measuring intra-thoracic pressure via the central venous pressure.
The compliance of the thorax of the piglets was found to be about eight times
larger than the compliance of the lungs and therefore almost the entire total
recoil pressure was caused by the recoil pressure of the lungs.

The pressure decay during an inspiratory pause was described by a me-
chanical model with two Maxwell elements in parallel to an elastic element
(Fig. 7.1C, page 91). The bi-exponential function superimposed on a con-
stant (plateau) level, predicted by the model, approximated the pressure
decay in the whole inspiratory pause (Fig. 7.5, page 100). However at
medium and high inflation volumes a lack of fit was a common finding. The
time constant of the slow decay in pressure was estimated to be about 8 s
(Fig. 7.7B, page 102). In the ‘in vivo’ situation the estimation of the pa-
rameters of the model was considered too complex in particular because of
the gradual pressure decay due to the loss of lung volume.
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Samenvatting

Hoofdstuk 1

De mate van rekbaarheid (compliantie) van het totale ademhalingssy-
steem, dat wil zeggen van de combinatie van longen en thorax, kan tijdens
beademing bepaald worden door een longvolumeverandering (AV) op te leg-
gen en de verandering in tegendruk (APgg) van het ademhalingssysteem te
bepalen. De totale compliantie Cgrgs kan worden afgeleid uit de verhouding
AV /APgs.

Tijdens beademing kan Prg bepaald worden door meting van de druk
aan de mond, Paw. Deze druk wordt echter niet alleen bepaald door de
elastische eigenschappen van longen en thorax maar ook door een drukcom-
ponent tijdens of net na een insufflatie als gevolg van een drukverschil over
de luchtwegen door luchtwegweerstand en inhomogeniteiten in de ventilatie
van de verschillende longgebieden. Bovendien kunnen visco-elastische eigen-
schappen van longen en thorax bijdragen tot een foutieve bepaling van de
elastische tegendruk van het ademhalingssysteem.

Ook activiteit van de adembhalingsspieren kan Psw beinvloeden. In dit
proefschrift worden echter alleen experimenten beschreven waarbij de adem-
halingsspieren verlamd waren door middel van spierverslappers, zodat deze
invloed verder onbesproken blijft.

Tijdens beademing kan Crg geschat worden met behulp van een inspira-
toire pauze. Een constant druk verschil AP w tussen de druk na een pauze
van 1.5 s en de eind-expiratoire druk werd door verschillende onderzoekers
waargenomen. In voorafgaande onderzoeken in beademde biggen bleek de
druk ook na een pauze van 1.5 s nog geleidelijk te dalen. Dit zou kunnen
wijzen op een systematische fout in de schatting van de totale compliantie
wanneer de druk na 1.5 s verondersteld wordt gelijk te zijn aan de elasti-
sche tegendruk van het respiratoire systeem. Het onderzoek waarover in dit
proefschrift gerapporteerd wordt handelt voornamelijk over de invloed van
mechanismen als visco-elasticiteit en een mogelijke longvolumeverandering,
als gevolg van continue gasuitwisseling, op de geleidelijk drukafname tijdens
een inspiratoire pauze. Bovendien worden nog enkele andere methoden om
Crs te bepalen tijdens beademing geévalueerd.

111



Hoofdstuk 2

Er zijn verschillende methoden om de totale compliantie Crg tijdens be-
ademing te bepalen. In de inspiratoire pauze methode wordt de insufflatie
direct gevolgd door een periode waarin geen luchtstroom aan de mond mo-
gelijk is. Aan het einde van een inspiratoire pauze van 1.5 s wordt in het
algemeen aangenomen dat de druk aan de mond gelijk is aan de elastische
tegendruk van longen en thorax behorend bij het geinsuffleerde volume.
Crs wordt dan bepaald uit de verhouding AV/AP (Fig. 2.1, pag. 14).
Een andere methode om Cgg te bepalen is een combinatie van inspiratoire
pauze procedures met verschillende inflatievolumes (‘meervoudige inspira-
toire pauze methode’). Door combinatie van de druk-volume waarden aan
het einde van de pauzes in deze procedures kan een quasi-statische P-V curve
van longen en thorax verkregen worden. De helling van het bij benadering
lineaire deel van deze druk-volume curve is ook een maat voor de totale
compliantie (Fig. 2.2, pag. 16). In de pulse methode (Fig. 2.3, pag. 17)
wordt Cgrg berekend uit de verhouding tussen de luchtstroomsterkte (V) en
de helling van de druk-tijd relatie gedurende een ‘pulse’ insufflatie (constante
V) In deze methode wordt aangenomen dat de dynamische component van
de druk die aan de mond gemeten wordt constant is gedurende dat deel
van de inflatie dat voor deze methode wordt gebruikt. Door het uitvoeren
van een langzame inflatie-deflatie (SID) procedure kan de P-V curve van het
adembhalingssysteem verkregen worden. Crg wordt in deze methode bepaald
door berekening van de helling van het meest lineaire deel van de P-V curve
(Fig. 2.4, pag. 20). Tenslotte lijkt het mogelijk om tijdens een passieve ex-
piratie de tegendruk van longen en thorax te bepalen door op verschillende
tijdstippen de expiratie voor korte tijd te onderbreken (100 ms).

Hoofdstuk 8

Voor ons onderzoek werd gebruik gemaakt van een computergestuurde
research ventilator. De ventilator bestond in essentie uit twee balgen, die
dezelfde volumevariatie kregen opgelegd door middel van een electromagne-
tische motor (Fig. 3.1, pag. 24). Met behulp van de volume variatie in de
balgen kon, door het openen en sluiten van de juiste kleppen in de slangen
tussen ventilator en longen, een volume in de long worden gebracht (inflatie)
of er juist geleidelijk aan worden onttrokken (gecontroleerde expiratie). In
de normale beademing en de meeste speciale beademingsprocedures volgde
echter na de periode van insufflatie een fase waarin de longen in directe ver-
binding kwamen met de buitenlucht (evt. via een positief expiratoire druk
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niveau, PEEP) waardoor het longvolume weer afnam, via een passieve ex-
piratie, tot aan het eind-expiratoire volume niveau (Fig. 3.2, pag. 28). De
normale beademing en vrijwel alle speciale procedures werden uitgevoerd
met één van de twee balgen.

Twee methoden werden gebruikt om het eind-expiratoire longvolume te
bepalen. In de ‘open inwas’ methode werd aan het eind van een normale
passieve expiratie overgeschakeld van de balg met het normale beademings-
gas naar de tweede balg die gevuld was met een gasmengsel met circa 5%
helium, zonder dat enige verandering in de beademing optrad (Fig. 3.5,
pag. 34). Door nauwkeurige meting van 1) de hoeveelheid helium die werd
geinsuffleerd, 2) de hoeveelheid die werd geéxpireerd en 3) de gemiddelde
helium fractie in de long, kon het eind-expiratoire longvolume berekend wor-
den. In de ‘gesloten inwas’ methode werd ook op het eind-expiratoire niveau
overgeschakeld op de ‘andere’ balg van de ventilator die een beademings-
mengsel met ongeveer 5% He bevatte. Na insufflatie van dit gasmengsel
werd de uitademing echter wederom opgevangen in de balg (‘rebreathing’).
Deze procedure werd enige malen herhaald. Het aanvankelijk helium vrije
gas in de longen raakte gedurende deze ‘inwas’ geleidelijk gemengd met het
helium mengsel uit de balg (Fig. 3.9, pag. 39). Met behulp van een massa-
balans voor helium kon het eind-expiratoire longvolume berekend worden.
De ‘open inwas’ methode werd in dit onderzoek alleen gebruikt om de stabi-
liteit van het eind-expiratoire longvolume te controleren. Voor de schatting
van het absolute longvolume werd gebruik gemaakt van de ‘gesloten inwas’
methode.

Hoofdstuk 4

In een serie van vier experimenten met gezonde genarcotiseerde biggen
werden procedures met een inspiratoire pauze uitgevoerd tijdens normale
beademing. De duur van de inspiratoire pauze bedroeg in onze experi-
menten 9 s. De inflatievolumes varieerden van 0 tot 25 ml per kg. Vier
schattingen van Crg werden verkregen per procedure met een inspiratoire
pauze. De trachea druk (Pr) werd zowel op 1.5 s als aan het eind van de
inspiratoire pauze bepaald, en de verandering in longvolume werd bepaald
door middel van integratie van de luchtstroomsterkte (volumeverandering
AVyy,) en door middel van een kwikkoordje rond de thorax van de big (vo-
lumeverandering AVyc). Tevens werd de totale compliantie bepaald met
de ‘meervoudige inspiratoire pauze methode’ (Crp 4, Fig. 4.3 op pag. 52).
Dankzij de meting van longvolumeveranderingen met het kwikkoordje kon
tijdens de inspiratoire pauze een geleidelijke afname van het intra-thoracale
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volume vastgesteld worden (Fig. 4.2, pag. 50). Beargumenteerd werd dat
deze volumevermindering waarschijnlijk werd veroorzaakt door een afname
van het longvolume, en niet door een intra-thoracale bloedvolumeverande-
ring. Tijdens de inspiratoire pauze na een insufflatie met een klein volume
werd een grotere afname van het longvolume waargenomen dan tijdens de
pauze na een inflatie met een groot volume. De drukdaling tijdens de pauze
op laag volume niveau bleek vrijwel geheel verklaard te kunnen worden uit
de afname van het longvolume. Dit was niet het geval voor de drukdaling op
hoog volume niveau (Fig. 4.4, pag. 52). Er werden sterke aanwijzingen ge-
vonden dat deze drukdaling primair een gevolg was van de visco-elastische
eigenschappen van longen en thorax. Meting van Pt na een inspiratoire
pauze van slechts 1.5 s hield in dat de elastische tegendruk van het ademha-
lingssysteem met circa 10 % werd overschat, bij een inflatievolume van 20
mlkg™?.

Als hypothese werd geformuleerd dat de geleidelijke vermindering van
het longvolume een gevolg is van een continue zuurstof opname en een ge-
leidelijk afnemende CO, afgifte vanuit het bloed naar het alveolaire gas en
dat de afname van het longvolume door continue gasuitwisseling toeneemt
bij kleinere inflatievolumes.

Hoofdstuk 5

Twee andere methoden om de totale compliantie van longen en thorax te
bepalen werden geévalueerd, namelijk: de ‘pulse’ methode (compliantie Cp)
en, de langzame (slow) inflatie-deflatie (SID) methode met een schatting van
Cgs tijdens de inflatie (Cinpy) en deflatie (Cpgpr,). De compliantie Crp g
werd als referentie voor de andere methoden gebruikt.

De pulse compliantie Cp bleek een geringe onderschatting te geven van de
totale compliantie (Crp 4 ), zie Fig. 5.2 op pag. 65. Deze onderschatting werd
waarschijnlijk veroorzaakt door visco-elastische eigenschappen van long en
thorax die tijdens de insufflatie een toename van de dynamische drukcompo-
nent in Pyw veroorzaakten, in tegenstelling tot de veronderstelde constante
dynamische druk component.

In vrijwel alle langzame inflatie-deflatie procedures die beschreven zijn
in de literatuur werd de relatie tussen de druk en het opgelegde volume
gemeten. Ons onderzoek wijst echter uit dat in een langzame inflatie-deflatie
procedure de reéle verandering van het longvolume bepaald moet worden,
zoals met een kwikkoordje rond de thorax, omdat gedurende de procedure,
die 70 s duurde, een toenemend verschil tussen het opgelegde volume en het
reéle actuele longvolume werd waargenomen (Fig. 5.4, pag. 68). Dit verschil
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in volume werd waarschijnlijk veroorzaakt door continue gasuitwisseling. De
bepaling van Cpgpy, uit de P-V relatie die werd gebaseerd op het opgelegde
volume leidde tot een significante onderschatting van Cgs (Fig. 5.3, pag. 67).

Bij meting van de actuele verandering in longvolume waren Ciypr, en
CDEFL echter gelijk aan CIP,sl-

Hoofdstuk 6

De hypthese dat longvolumeafname een functie is van het inflatievolume
(Hoofdstuk 4) werd getoetst in een serie van 6 experimenten met gezonde
beademde biggen. In deze experimenten werd 1) de afname van het intra-
thoracaal volume gedurende inspiratoire pauzes van 15 s met behulp van een
kwikkoordje rond de thorax gemeten, en 2) de verandering in longvolume
berekend uit de veranderingen in gasconcentraties gedurende procedures
waarin cyclisch een volume in- en uitgeademd werd in een gesloten systeem
(‘rebreathing’ procedure, Fig 6.1, pag. 76). Deze rebreathing procedures
werden op 3 volume niveaus boven het eind-expiratoire longvolume uitge-
voerd om de invloed van het inflatievolume op de afname in longvolume te
meten. Hoewel de afname van het longvolume gedurende deze ‘rebreathing’
procedures en die tijdens de inspiratoire pauze procedures slechts beperkt
vergelijkbaar was, gezien de verschillen in procedures, bleek de berekende
longvolumeafname inderdaad toe te nemen bij kleinere inflatievolumes en
van dezelfde orde van grootte als de longvolumedaling die werd waargeno-
men in inspiratoire pauze procedures (Fig. 6.4, pag. 84). Deze resultaten
werden beschouwd als een verificatie van de hypothese.

Hoofdstuk 7

Dit hoofdstuk handelt over een serie inspiratoire pauze procedures, die
kort na het intreden van de dood bij de proefdieren (‘post mortem’) werd
uitgevoerd. In deze situatie is het longvolume gedurende de inspiratoire
pauze constant doordat geen gasuitwisseling meer optreedt. Hoewel in de
inspiratoire pauzes een verschil in drukafname werd waargenomen tussen
de ‘in vivo’ en ‘post mortem’ metingen, werd beargumenteerd dat de druk-
afname door ‘stress-relaxatie’ vergelijkbaar was (Fig. 7.3 en 7.4 resp. op
pag. 98 en op pag. 99).

De drukafname gedurende een inspiratoire pauze werd beschreven met
een mechanisch model waarin twee Maxwell elementen en een elastisch ele-
ment parallel geschakeld waren (Fig. 7.1, pag. 91). Dit model beschrijft de
drukafname gedurende een inspiratoire pauze als een bi-exponentiele functie
van de tijd boven op een constant drukniveau. Deze functie bleek een goede
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benadering van de drukafname als functie van de tijd te geven (Fig. 7.5,
pag. 100). In dit hoofdstuk wordt tevens de haalbaarheid van een dergelijke
analyse in de ‘in vivo’ metingen bediscussieerd.

Door middel van meting van de centraal-veneuze druk werd een schat-
ting gemaakt van de bijdrage van long en thorax afzonderlijk aan de totale
druk die aan de mond werd gemeten. De bijdrage van de thorax aan de
totale tegendruk bleek heel gering door een grote thorax compliantie. Een
mogelijke oorzaak hiervoor is de afwezigheid van spiertonus. Ook is het
denkbaar dat bij varkens van deze leeftijd de normale elastische tegendruk
van de thorax klein is.
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