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Inverse ratio ventilation compared with PEEP in adult respiratory failure
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Abstract. We have compared the cardiorespiratory
effects of an inspiratory:expiratory (I:E) ratio of
4:1 with a ratio of 1:2 in 10 adult patients requiring
intermittent positive pressure ventilation (IPPV) for
acute respiratory insufficiency. Further comparisons
were made with IPPV with positive end-expiratory
pressure (PEEP) which was adjusted to achieve an
equal external end-expiratory volume (EEEV) to that
produced by the 4:1 ratio, as determined by respira-
tory inductive plethysmography, and with an I:E
ratio that only changed the EEEV minimally (IRV-
min). Percentage pulmonary shunt (Qs/Qt) was
reduced equally with PEEP and with the 4:1 1. E
ratio but both patterns reduced cardiac output and
oxygen delivery. IRV-min also reduced Qs/Qt signifi-
cantly but had no effect on cardiac output so that
oxygen delivery was increased. The dead space to tidal
volume ratio (Vp/Vy) during IPPV-4:1 and IRV-min
was reduced significantly when compared with that
during IPPV-1:2. The clinical implications of the
findings suggest that for some ITU patients, a modest
increase in I; E ratio to between 1.1:1 and 1.7:1 may
produce better gas exchange without significantly ef-
fecting the cardiac output.

Key words: Inverse ratio ventilation — PEEP -
Respiratory failure

The most commonly used method of improving oxy-
genation in ventilated patients with acute respiratory
insufficiency is the application of positive end expira-
tory pressure. However, it has been reported that a
similar improvement occurs when the inspiratory : ex-
piratory time ratio is inverted to 2:1 or even 3:1 or
4:1 {1, 10, 13]. It has been suggested that the use of

inverse ratio ventilation may be preferable to the use
of PEEP because CO, elimination is more efficient
and peak pressure is less thus diminishing the risk of
barotrauma. The beneficial effects of PEEP are
thought to be associated with an increase in func-
tional residual capacity (FRC) which recruits pre-
viously collapsed alveoli for useful gas exchange.
However, inverse ratio ventilation may also increase
FRC because the shortened expiratory time may
prevent full expiration. The change in FRC has not
been measured in previous studies on inverse ratio
ventilation and it has therefore not been possible to
establish whether the improved gas exchange is solely
a function of the increased FRC or whether it is se-
condary to a special characteristic of the prolonged
inspiratory period. The development of the respira-
tory inductive plethysmograph has provided a prac-
tical method of measuring external respiratory
volume changes in the clinical situation. We have
therefore used this device to compare the effects of in-
verse ratio ventilation with a level of PEEP which
produced the same increase in external end-expiratory
volume (EEEYV).

Methods

The 10 adult patients who were selected for the study
required IPPV for the treatment of the adult respira-
tory distress syndrome, pulmonary infection or car-
diogenic pulmonary oedema. All the patients had
bilateral pulmonary disease. Patients with cardiovas-
cular instability or an increase in airway resistance
were excluded. Two patients were receiving an infu-
sion of an inotropic agent and in both, the infusion
rate remained unchanged during the study. Mechan-
ical ventilation was provided by a Siemens-Elema
900B Servo ventilator using a constant inspired
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oxygen concentration (39% — 76%) which was initial-
ly adjusted to produce an arterial PO, above 8 KPa
without PEEP. Respiratory frequency was set at 10
breaths per min and the minute volume initially ad-
justed to'produce a PaCO, of 4.5 KPa + 0.5 KPaand
then maintained constant throughout the rest of the
study. Muscle paralysis and sedation were maintained
throughout the study and the cuff of the endotracheal
tube repeatedly checked to ensure that it was leak-
proof. Intravenous fluid therapy was kept at a con-
stant rate during the study and was designed to
replace losses.

The study was divided into five periods of 30 min
each. The first and fourth were control periods of
IPPV without PEEP. An inspiratory time of 25% and
an inspiratory hold of 10% gave an I: E ratioof 1:1.9
during these periods. The second and third periods
were randomly allocated to cither a period of IPPV
with an inspiratory time (IT) of 50% and an inspira-
tory hold (IH) of 30% giving an I: E ratio of 4:1 or to
a period of PEEP with an I:E ratio of 1:1.9. The
level of PEEP required to produce the same increase
in EEEV as that produced by the 4: 1 ratio was deter-
mined by the use of the respiratory inductive plethys-
mograph, in a short test period between the first and
second study periods. During the fifth period IPPV
was used with an I:E ratio of either 1.1:1 (IT =
33%; IH = 20%) or 1.7:1 (IT = 33%; IH = 30%).
The inspiratory time chosen was the longest compa-
tible with an increase in EEEV, equivalent to the ap-
plication of less than 1.5 cm H,O PEEP (IRV-min).
The first 20 min of each period was allowed for stabil-
isation, all measurements being made during the last
10 min.

Ventilatory measurements

The expired gas from the ventilator was directed
through a gas mixing box into a dry gas meter
(Parkinson Cowan) that was calibrated against a wet
spirometer at flow rates up to 60 1 min ~*. 80 ml min ~*
of mixed expired gas was pumped through a Beckman
LB2 infrared CO, analyser and a Servomex OA 570
paramagnetic oxygen analyser placed in series and
then returned to the circuit before the gas meter. Both
analysers were calibrated using known gas mixtures.
Inspired oxygen concentration was measured by
directing a sample of gas from the inspiratory limb of
the ventilator continuously through the oxygen ana-
lyser. Dynamic airway pressures were measured by a
transducer connected to the patient end of the ventila-
tor tubing and mean pressures were obtained by both
mechanical and electronic damping.
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Patient measurements

During the last 10 min of each period arterial and
venous blood samples were taken and analysed for
PaO,, PaCO,, and pH on an ABL?2 acid-base labora-
tory (Radiometer-Copenhagen). The electrodes were
checked daily with quality control solutions. The
venous sample was taken from the pulmonary artery
(PA) in five patients who had PA catheters already in
place. In the others, the sample was taken from the
central venous pressure (CVP) line which had been
shown to be located close to the right atrium by X-
ray. At least three blood samples were taken during
the study period for haemoglobin estimation. These
were analysed in the hospital haematology laborato-
ry, the maximum discrepancy between samples being
0.4 g d1~ L. In the five patients who had a PA catheter,
cardiac output was estimated by thermodilution using
an Edwards cardiac output computer (model 9520 A).
Measurements were made on three consecutive occa-
sions during each study period, using 10 ml 5% Dex-
trose solution at 0 °C, the injection being timed at the
beginning of inspiration. A rectal thermistor probe
was used to record patient temperature during each
period and ambient pressure and temperature were
noted.

Changes in EEEV were measured using a digital,
automatically calibrated modification of the respira-
tory inductive plethysmograph [17] originally describ-
ed by Cohn et al. [4]. The contributions of the rib
cage and abdomen to ventilation could be measured
by the change in inductance in two coils, one placed at
the level of the 5th rib anteriorly and the other at the
level of the umbilicus. The inductance of the coils is
proportional to the enclosed cross-sectional area and
both long term and rapid changes in EEEV can be re-
corded. Calibration was performed against the Servo
900B expiratory flow transducer during IPPV with-
out PEEP by multiple linear regression using an on-
line computer. Following calibration tidal volume and
change in EEEV have been shown to be within 4% (40
ml) of the integrated pneumotachograph value [17].

Calculations

Minute volume and tidal volume were calculated from
timed expired volume measurements. A correction
was made for the gas compressed in the ventilator cir-
cuit. “Ideal alveolar” pO, was calculated from the
simplified alveolar gas equation. Qs/Qt was cal-
culated using oxygen contents derived from the modi-
fied Kelman equation [8] and the haemoglobin meas-
urement. Five patients had true mixed venous blood
samples taken from the PA. The CVP blood samples
in the other five patients were used as mixed venous
samples because in this study the change in venous ad-
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mixture was under investigation rather than the ab-
solute values. Vp/Vr was calculated from the Enghoff
modification of the Bohr equation. In all cases the
cardiac output was calculated by the Fick principle
using oxyen consumption calculated from the inspired
and expired concentrations and the minute volume. In
those patients in whom thermodilution measurements
were also made, linear regression analysis between
cardiac output (Fick) and cardiac output (thermodilu-
tion), showed r* = 0.831. The cardiac output value
used to calculate the oxygen delivery (QO,) was either
that determined by the Fick principle, in those with-
out a thermodilution catheter, or a mean value of
both the Fick and the thermodilution measurement.
Dynamic total thoracic compliance was calculated
from the tidal volume and the end-inspiratory pres-
sure during the control periods.

Statistical analysis

A comparison of the two control periods was made
using a paired Student’s t-test. The other results were
analysed by a two-way analysis of variance, followed
by Duncan’s multiple range tests as appropriate.

Results

The mean increase in EEEV during the period of
IPPV-4:1 was 1200 ml with a range of 465 —2110 ml.
The PEEP level required to produce similar EEEV
changes varied between 9 and 19 cm H,O with a mean
value of 12.8 cm H,0. No statistical difference was
found in the Qs/Qt, Vp/Vt, mean airway pressure,
cardiac output or compliance between the control
periods (1 and 4). The mean results of these two
periods were therefore compared with the mean
results of Qs/Qt (Fig. 1), Vp/Vr (Fig. 2), mean airway
pressure (Fig. 3) and cardiac output (Fig. 4) during
the other three periods. The reduction in Qs/Qt and
cardiac output during the periods of IPPV-4:1 and
CPPV resulted in a net reduction in oxygen delivery in
all cases. However the reduction in Qs/Qt (p < 0.05)
without change in cardiac output during period 5
(where there was minimal change in EEEV) resulted
in a significant mean increase in oxygen delivery (p <
0.05) (Fig. 5). o

Figure 6 shows individual patient Qs/Qt response
to both IPPV-4:1 and CPPYV. It can be seen that in
three patients (2, 3 and 7) there was little or no change
in Qs/Qt, when compared with the changes in the
other patients. Also shown at the bottom of Fig. 6 is
the difference between the change in EEEV and the
FRC change expected with the application of PEEP,
if compliance remained constant (PEEP x Com-
pliance). No pattern between clinical condition and
response to IPPV-4:1 and CPPYV could be found.
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Fig. 1. Comparison of mean Qs/Qt during the different periods of
the study
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Fig. 3. Comparison of the mean cardiac outputs during the differ-
ent periods of the study
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Fig. 4. Comparison of the mean airway pressure during the differ-
ent periods of the study
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Fig. 5. Comparison of mean oxygen delivery (QOz) during the dif-
ferent periods of the study

The mean airway pressure during IPPV-4:1 was
approximately 2 mmHg higher than that during
PEEP. However the peak airway pressure was always
less during IPPV-4:1 than during PEEP, the mean
difference being 6 cm H,0.

Discussion

The respiratory inductive plethysmograph measures
change in volume externally and, in addition to gas
volume change, may reflect changes in blood or other
fluid volume in the chest or abdomen. The limited
width of the two induction coils may not detect ab-
normal chest expansion outside the straps. However,
the linearity of the relationship between the plethys-
mograph measurements and the tidal volume measur-
ed by pneumotachograph suggests that most of the
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change in respiratory inductive plethysmograph
volume is due to change in gas volume. Thus change
in EEEV probably closely approximates to the change
in FRC.

In this study the prolongation of the inspiratory
time was achieved by both reducing the flow rate and
adding an inspiratory hold. Previous work in this
field has suggested that an increased flow rate can in-
crease both Qs/Qt [6] and Vp/Vy [5, 16] but this has
only occurred at flow rates in excess of those used
during this study. Other investigators have found a
change in gas exchange characteristics solely related
to an inspiratory hold [7, 9, 11, 14]. It seems likely
that the most important factor in changing the ven-
tilation/perfusion relationship is the duration of the
inspiratory period whether this is achieved by reduc-
ing the flow rate or adding an inspiratory hold.

The reduction in pulmonary shunt was the same
for both IPPV-4:1 and PEEP when the EEEV
change was the same. This implies that the improved
oxygen transfer that has been reported before with a
prolonged I:E ratio [1, 9, 10, 13] is due to FRC
change rather than the change in inspiratory pattern.
However, when a less prolonged I: E ratio was used
(1.1:1 or 1.7:1) which changed the FRC only mini-
mally there was a smaller but significant reduction in
Qs/Qt. This may suggest that FRC change is not the
sole determinant of the change in pulmonary shunt.

In the present studies mean airway pressure was
significantly higher during IPPV-4:1 than during
PEEP with the same EEEV. In previous work on
animals [3, 12] the mean airway pressures instead of
FRC were used to match PEEP with IRV. This would
have produced a higher FRC during PEEP and might
have explained the greater improvement in Qs/Qt
with PEEP which was observed. However peak air-

PEEP
I:E = 4:1

Fig. 6. Changes in Qs/ Qt in individual patients
with IPPV-4:1 and CPPV and the change in
FRC as measured by respiratory inductive ple-

869 1013 467 thysmograph
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way pressures were significantly lower with IPPV-4:1
and this should cause less barotrauma. Cardiac out-
put was significantly and equally reduced by both
IPPV-4:1 and PEEP to such an extent that oxygen
delivery was significantly reduced thus negating the
effects of the reduced Qs/Qt IRV-min, however, did
not reduce the cardiac output so that the advantage
gained by the reduction in Qs/ Qt with this pattern led
to an overall increase in oxygen delivery. The mean
airway pressure during IRV-min was significantly
higher than during the control periods and may con-
firm the suggestion that arterial oxygenation in pul-
monary insufficiency is a function of mean airway
pressure [2].

A reduction in physiological dead space when
using a prolonged I: E ratio, has been widely reported
before {3, 7, 9, 12, 15, 16]. This occurred with IPPV-
4:1 and to a lesser, but still highly significant extent
(p < 0.01) with IRV-min. This improved CO, eli-
mination reduces the tidal volume requirement and
thus helps to reduce barotrauma. Possible explana-
tions for this effect have been discussed previously
[12]. However, because of the decrease in Vp/Vt
found with IRV-min when there was only a small
change in EEEV it seems unlikely that the increased
CO, elimination is due to increased recruitment of
collapsed alveoli.

It can be shown that an increase in FRC will occur
if the tidal volume (TV) or the time constant (Tc) is
increased or the expiratory time (t) is decreased:

TV

AFRC = —i—.

In diseased lungs an increase in FRC increases
compliance and decreases resistance and so modifies
the time constant which is the product of compliance
and resistance. If the increase in compliance predom-
inates, there will be an increase in time constant which
will further increase the FRC. In this study the FRC
changes were marked, particularly in those cases
which responded with a reduction of Qs/Qt. This sug-
gests that an alveolar recruitment may have length-
ened the time constant and so augmented the increase
in FRC caused by shortening the inspiratory period.

Measurements of compliance in this study were
crude and only performed during the control periods.
However it is interesting to compare the actual FRC
change with that that could be predicted if the com-
pliance had remained the same when PEEP was ap-
plied. The difference in these volumes is shown in
Fig. 6. It can be seen that in the non-responders the
difference was always less than 400 ml but that it was
always greater than 400 ml in the responders. This
again implies an increase in compliance in the respon-
ders.
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This study suggests that the use of a4:1 I: E ratio
reduces the venous admixture in proportion to the
FRC change and is therefore analogous to the use of
PEEP. When similar increases in EEEV are produced
by the two techniques there is a similar reduction in
Qs/Qt and although peak pressures are reduced,
mean airway pressure is slightly increased with the
4:1 ratio. The main advantage of the technique is that
CO, clearance is increased. However the change in
time constant induced by the increase in compliance
and decrease in airway resistance makes the change in
FRC very unpredictable with the 4:1 ratio. On the
other hand an I: E ratio which only increases the FRC
minimally does appear to reduce Qs/Qt without
affecting cardiac output. A significant reduction in
Vp/Vr also occurs which may help to reduce baro-
trauma. This suggests that the use of ratios in the
region of 1:1 or 2:1 may be worth exploring in the
future.
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