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ABSTRACT

In a previous study on dogs the ventilatory pattern of a conventional res-
pirator (8V-900) was compared with that produced by a prototype system for
volume-controlled high-frequency positive-pressure ventilation (HFPPV). At
comparable arterial carbon dioxide tensions the intratracheal peak and mean
pressures and the total peripheral vascular resistance (TPR) were higher but
cardiac output (CO), stroke volume (SV) and oxygen flux (OF) lower during
ventilation with SV-900 at a ventilatory frequency of 20/min than during HFPPV
at a ventilatory frequency of 60/min.

In the present study on 10 dogs, using ventilatory frequencies (f) of 20,
40, 50 and 60, the experimental conditions were light pentobarbital anaesthe-
sia and normoventilation. With a prototype system (system H), functionally
with no compression volume, the tidal volume of the ventilator system (VITQT)
was equal to the effective tidal volume (VTg) and by increasing f to 60/min,
Vrg could be reduced to only 65% of that at f£=20/min and the peak and mean
airway pressures were consequently reduced.

The alveolar gas distribution was studied by mass—spectrometric analyses
of pulmonary nitrogen clearance curves in terms of nitrogen clearance ratio
(NCR). With ventilator system H, functionally with no compression volume, the
alveolar gas distribution was significantly improved in comparison with the
conditions with the conventional respirator system (SV-900). It seems, there-
fore, that ventilation with a ventilator which has a negligible compression
volume and therefore can be set at a high ventilatory frequency, may cause
less interference with cardio—-circulatory function, and with the improved
intrapulmonary gas distribution which it implies, offers advantages in the
critically ill patient.

INTRCDUCTION

During spontaneous breathing the pressure gradient over the lungs and great
veins promotes the venous return and diastolic filling of the heart. In inter-—
mittent positive-pressure ventilation (IPPV) and continuous positive-pressure
ventilation (CPPV), however, the intra- and transpulmonary pressure relation-
ships become altered in comparison with those normally occurring in spontan-—
eous breathing. As a consequence the respiratory rate becomes important as a
factor determining the mean intrathoracic pressure (12, 13, 16). It is a well
known fact that the circulatory effects of mechanical ventilation are often

closely related to direct and indirect effects of the increased mean
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Fig. 1. Mean values (%SD) of measured and calculated parameters in 5 dogs
during fairly deep pentobarbital anaesthesia and ventilation with SV-900 at
a ventilatory frequency (f) of 20/min and a prototype system (system G) for
HFPPV (13) at f of 60/min, with both ventilators at a PEEP of 5 cm H90, and
with an arterial PCOp of about 40 mm Hg. The intratracheal pressures were
significantly lower at comparable arterial carbon dioxide tensions. The diff-
noted in the other parameters in the figure, i.e. stroke volume (SV),
output (CO), total peripheral resistance (TPR) and oxygen flux (OF),
to the different ventilatory patterns. Levels of significance are in-
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as described under "Methods". Modified and reproduced by permisson

HFPPV

intrathoracic pressure, and due to the reflex control mechanisms of the peri-

pheral circulation (1), IPPV/CPPV is usually accompanied by peripheral vaso-

constriction (4, 11, 18). The ventilatory and circulatory effects of IPPV

have therefore been the subject of extensive experimental and clinical in-

vestigations.

It is well documented that those IPPV/CPPV patterns which promote uniform

gas distribution in the lungs may have negative circulatory effects, as they

may in various ways affect the cardiac output, functiomal residual capacity

and distribution of ventilation and perfusion in the lungs, thereby altering
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the physiological dead space and venous admixture. In simplified terms, it may
be stated (see Fig. 3) that the ventilatory pattern in IPPV is the result of
the combined conditions created by the ventilator and the pulmonary systems
(14, 15, 16).

In a previous study in dogs (7) comparisons were made between the venti-
latory patterns of a conventional volume-controlled respirator, Siemens-Elema
Serve Ventilator (SV-900) and a prototype of a ventilator system, system G
(13), for volume-controlled high-frequency positive-pressure ventilation,
HFPPV (9, 12). At comparable arterial carbon dioxide tensions the intratrach-
eal peak and mean pressures and total peripheral vascular resistance were
higher, but the cardiac output, stroke volume and oxygen flux lower during
ventilation with SV-900 (ventilatory frequency 20/min) than during HFPPV (ven-—
tilatory frequency 60/min). This is illustrated in Fig. 1.

In the present study on 10 dogs further comparisons were made between the
ventilatory patterns of SV-900 and the prototype of a ventilator system for
volume-controlled ventilation, system H (13). Ventilatory frequencies (f) of
20, 40, 50 and 60 per min were used, and the experimental conditions were
otherwise identical, i.e. light pentobarbital anaesthesia and normoventilation.

A preliminary report (17) has been presented.

METHODS AND PROCEDURES

The animal experiments of this investigation were performed in October 1977.

Animals and anaesthesia: The experiments were performed on endotracheally
intubated young mongrel dogs of both sexes and anaesthesia was induced with
5% thiopental sodium (Penthothal sodiumR, Abbott SA, Belgium; 25 mg x kg1
body weight) i.v. and maintained by continuous i.v. administration of pento-
barbital (NembutalR, Abbott SA). Before administration of muscular relaxants,
the cerebral activity was determined by means of a cerebral function monitor
(6), CFM (Devices mod. 4640, Devices Ltd., U.K.), In order to ascertain that
it corresponded to a level of very light anaesthesia .With the CFM recording
as guidance (6), this level of anaesthesia was then kept constant throughout
the experimental procedures by means of continuous infusion of pentobarbital
at a mean rate of 2.5 mg x kg~l x h~l. Pancuronium bromide (PavulonR, N.V.
Organon, Netherlands) was given for muscle relaxation by means of continuous
infusion (0.08 mg x kg™l x h™l). After induction of anaesthesia an infusion
of 5.5% glucose solution (Pharmacia AB, Sweden) was started. The body tempe-
rature was maintained at 37-38° C (thermostatic control) and sodium bicarbo—
nate (0.6 M) solution was continuously infused i.v. in order to avoid anaes-
thesia-induced metabolic acidosis (5). If necessary, the acid-base balance was
corrected before every experimental sequence in order to minimise acid-base
effects on cardiac output and venous admixture (3, 10, 19).

Measurements: The arterial systemic blood pressure (ASP), central venous
pressure (CVP) and intratracheal pressure (ITP) were measured as described
(7). The thermistor catheter (Devices mod. CV 3753 F3) was used for measure-
ments of pulmonary arterial pressure (PAP) and cardiac output (CO; Cardiac
Output Computer 3750, Devices Imstr. Ltd., U.K.). Cardiac output was measured
by the thermodilution technique and 10 ml of 5.5% glucose solution at room
temperature was injected in 2 s by means of a thermodilution injector (OMP
3700, OMP Laboratories, Inc., USA) fitted with a thermodilution syringe set
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(OMP 3830). The injection was initiated in the early phase of expiration. The
error of the thermodilution method was studied separately in one of the dogs
and in 30 determinations the coefficient of variation was 4%. The value of CO
in each experimental situation was the mean value obtained by three successive
determinations at intervals of 2-3 min. The catheters for pressure measurements
were connected to transducers (EM 751A, Elcomatic Ltd., U.K.), which in turn
were connected to amplifiers (BAP 001, Simonsen & Weel A/S, Denmark), and re-—
cordings were made by means of a rectilinear pen recorder (Mx 412, Devices
Ltd.). The heart rate (HR) was determined from the ASP recordings. Fractions
of inspired and expired gases were measured by mass spectrometry (Centronic
MGA-200, 20th Century Electronics Ltd., U.K.). The relative humidity of the
insufflated gas mixture was measured with a humidity indicator (HMI 11, Vai-
sala Oy, Finland). The haemoglobin concentration (Hb), oxygen saturation
(S09), Poy, Pco,, PH, base excess and HCO3 were determined by means of an
automatic acid-base analyser (ABL 1, Radiometer A/S, Denmark). Blood lactate
was measured with an automatic apparatus (Roche Lactate Analyzer 640, Roche
Bioelectronics, Switzerland).

The total static lung-chest compliance was determined twice under complete
neuromuscular block both at the beginning and at the end of the whole experi-
ment (7). Ventilatory volumes were determined by means of a Tissot spirometer
(total volume 120 1). After collection of expiratory gas in a Douglas bag
during ventilation with pure oxygen, mass-spectrometric analyses of nitrogen
wash-out permitted calculation of the functional residual capacity (FRC). By
means of continuous determinations of the expired nitrogen concentration dur-
ing ventilation with pure oxygen, the nitrogen clearance ratio (NCR) was ob-
tained.

Ventilators and experimental procedures: A conventional volume-controlled
respirator (SV-900) and a prototype of a ventilator system (13) for volume-
controlled HFPPV (system H) were used. Ventilatory frequencies (f) of 20, 40,
50 and 60 per min were applied and positive end expiratory pressure (PEEP) was
set at 5 cm Hy0 (7, 14). All comparisons were made at normoventilation, i.e.
arterial Pggy 40 mm Hg (Fig. 2). The oxygen fraction of the inspired gas
(F1py) was 0.21 (with the exception of nitrogen wash-out periods) and the
relative humidity 98-1007 (36° C). With SV-900 the working pressure was set
at 85 cm Hp0 and inspiration at 25% of the ventilatory cycle without an end-
inspiratory pause, i.e. constant-flow-generated, time-cycled ventilation (7,
Table 2); the internal volume (IVA) of the patient circuit (PC) was 1,650 ml
and the internal static compliance (ISC) of the patient circuit 2.6 ml x
(cm HZO)'l. With system H there was a decelerating-flow inspiration with a
relative insufflation time (tZ) of 227 (7, Table 2; 12, Table 1), i.e. pres-—
sure/flow-generated, time-cycled volume-controlled ventilation (14, Table 1);
the IVA of PC was 50 ml and the ISC 0.06 mi x (cm Hy0)7Ll.

Ventilation was given with SV-900 and system H in all dogs (starting in
every other dog with either ventilator system and a ventilatory frequency of
either 20 or 60 per min). Each experimental sequence at these ventilatory fre-
quencies was performed twice in all dogs but the second time the order of
ventilators was reversed in the same manner as in a previous investigation
(7, Table 1). With ventilatory frequencies of 40 and 50 per min (not studied
until duplicate studies at ventilatory frequencies of 20 and 60 were completed
for both ventilator systems), only some selected parameters were subjected to
investigation. In each experimental sequence the minute ventilation was adjus-
ted until the arterial Pcp, was close to 40 mm Hg during ventilation with 217
02 (see Fig. 2) and the measurements were performed after not less than 20 min
of ventilation, as has been previously discussed (7).

Calculations: Calculations were made according to a previous study (7) and
gas volumes are given at body temperature, barometric (ambient) pressure and
saturated with water wapour at 37° C (BTPS).
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(Fig.2,continued)

and by increasing f to 60, VTEFF could be reduced to only 657 of that at f of
20 and the mean airway pressure was consequently reduced. During inspiration
of pure oxygen,mass-spectrometric analyses of the pulmonary nitrogen clearance
ratio (NCR) showed highly significantly better conditions with system H than
with SV-900 at ventilatory frequencies of20 and 60 per min. The significance
of differences between mean values are indicated as described under 'Methods".

The nitrogen clearance ratio (NCR) with inspiration of pure oxygen and in-
itiated at functional residual capacity (FRC) was calculated as follows:

RlOZ= Alveolar-ventilation volume (ml) reducing end-expiratory No to 107

NC : - -
Functional residual capacity

All differences mentioned in the text were tested for statistical signi-
ficance by means of Student”s t-test for paired data, using the following pro-
bability levels (P): x = P # 0.05; x(x) = P £ 0.025; xx = P € 0.01; xx(x) =
P £ 0.0025; xxx = P € 0,001, and xxxx = P # 0.0005.

RESULTS

As illustated in Fig. 2, with an incresing ventilatory frequency (f) from
20 to 60 per min both ventilator systems resulted in significant increases in
VD/VT and FRC. With system H (functionally with no compression volume) the
tidal volume of the ventilator system (VTTOT) was equal to the effective tidal
volume (VTEFF) and by increasing f to 60 (despite increased VD/VT) VTEFF
could be reduced to only 65% of that at a ventilatory frequency of 20. The
mean airway pressure was consequently reduced.

The alveolar gas distribution was studied by mass-spectrometric analyses of
pulmonary nitrogen clearance curves. With system H the nitrogen clearance
ratio (NCR) was considerably improved from that obtained with SV-900, especi-
ally at a ventilatory frequency of 20 (P<0.0005), but also at 60 per min
(P<0.025).

DISCUSSION

In a previous study (7) the ventilatory pattern of a conventional respi-
rator (SV-900) constituted the norm for comparison with that produced by an
experimental system, system G (12), for volume-controlled HFPPV, With the ex-
ception of the different ventilatory patterns the experimental conditions were
kept identical (fairly deep pentobarbital anaesthesia and normoventilation,
i.,e. arterial PCO2 40 mm Hg, pH 7.4 and constant FIOz of the inspired air). At
comparable arterial carbon dioxide tension the intratracheal peak and mean
pressures were also higher with SV-900 than during HFPPV (Fig. 1). The total
peripheral resistance (TPR) was lower with HFPPV, although the cardiac output
(CO) and stroke volume (SV) were greater. Calculations of the tension-time

index (TTI) revealed no differences between the two ventilator systems. The
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lower TPR in association with a higher cardiac output during ventilation with
HFPPV indicated that during fairly deep anaesthesia the ventilatory pattern in
volume-controlled HFPPV interfered less with the cardiovascular function,
which could only have been due to dissimilarities between the ventilatory
patterns of the compared systems.

In the present study on 10 dogs it was found that parameters that may be
corrected by regulatory and compensatory mechanisms operative during very
1ight intravenous pentobarbital anaesthesia (6) did not show any significant
differences either between different types of ventilators or between ventila—
tory frequencies, when the arterial Pco, was identical (40 mm Hg). In other
words, and in contrast to the previous findings (Fig. 1), all parameters di~
rectly or indirectly associated with the circulatory conditions were compensa—
ted for the effects of the different ventilatory patterns used ("active" para-
meters). On the other hand, parameters that may be regarded as being "passive",
i.e. mainly associated with the physical conditions arising from the different
ventilatory patterns (Fig. 2), showeé functionally important differences both
with different types of ventilators and with different ventilatory frequenci-
es. Such "passive" parameters closely related to the properties of the venti-
lator systems and to the ventilatory frequencies used are the delivered tidal
volume (VTTOT)’ the effective tidal volume (VTEFF)’ the intratracheal mean
airway pressure (ITPmean), the functional residual capacity (FRC) and the

nitrogen clearance ratio (NCR).

INPUT FUNCTION
{"Ventilatory pattern”)
1

¥

¥ . ORGANISM
VENTILATOR MU - Multifactoriat
transter functions

[ ) )
OUTPUT “FUNCTION" (MVC)

Fig. 3. Schematic diagram of the combined conditions created by the ventilator
and the pulmonary systems — the 'ventilatory pattern'. The effect of the ven-

tilatory pattern on the individual, i.e. its "systemic effects", is reflected

by the output "function" called MVC. Reproduced by permisson (7, 14).

As stated previously (7, 14, 15, 16, 17), and as indicated in Fig. 3, the
"passive' parameters belong to the "ventilatory pattern", i.e. the input func-
tion. The "active" parameters (see Fig. 1) associated with circulation and
OXygen transport, however, are under autonomic and homeostatic control during
light pentobarbital anaesthesia (6). This means that the "active" parameters
are closely related to themultifactorial transfer functions of the organism

and they are components of the output "function'", which may be called the
"Multifactorial Ventilatory Capacity" (MVC).
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In critically ill patients, it is reasonable to suggest that some of the
homeostatic control mechanisms are no longer able to cope with the situation;
i.e. that vital regulatory and compensatory mechanisms are no longer operative.
Thus, patients in circulatory shock or patients with pulmonary dysfunction
will "react" to differences in the '"ventilatory pattern" due to insufficient
homeostasis. This is our clinical experience in infants with the respiratory
distress syndrome, IRDS (8) and in the adult respiratory distress syndrome,
ARDS (2). A ventilator which has a negligible compression volume and which is
set at a rather high frequency (£=60-100/min) may offer definite advantages
in such patients (2, 7, 13, 14, 15, 16).

Although our experimental and clinical investigations indicate that it is
easier to adapt a patient to a ventilator which has a negligible compression
volume and is set at a high frequency, more extensive clinical studies with
a prototype system, system H (13), for volume-controlled ventilation must be
available before the merits of high frequencies can be compared with those of
the traditional techniques and ventilatory frequencies of volume-controlled

ventilation (15, 16).
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