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ABSTRACT:  We compared the efficacy of three devices delivering assisted non-
invasive ventilation with different working mechanisms, during room air breathing
and during CO2-induced hyperventilation.  

In seven healthy volunteers, breathing pattern, respiratory muscle activity and
comfort were assessed: during unassisted spontaneous breathing through a mouth-
piece (SB);  during assisted breathing with a device delivering inspiratory pressure
support (IPS);  and with two devices delivering intermittent positive pressure breath-
ing (IPPB), the Monaghan 505 (IPPB1), and the CPU 1 ventilator (IPPB2). All three
devices were set at 10 cmH2O of maximal pressure.

During room air breathing, the work of breathing expressed as power, was sig-
nificantly greater with the two IPPB devices than with the two other modes (IPPB1
and IPPB2 7.3±5.2 and 7.2±6.2 J·min-1, respectively, versus SB and IPS 2.4±0.7 and
2.3±3.3 J·min-1, respectively).  The difference did not reach the statistical signifi-
cance for the pressure-time product (PTP).  Discomfort was also greater during the
IPPB modes.  During CO2-induced hyperventilation, considerable differences in
power of breathing were found between the two IPPB devices and the other two
modes.  The PTP was also much higher with IPPB.   Transdiaphragmatic pressure
was significantly smaller during IPS than during the three other modes (IPS 18±2.6
cmH2O versus SB 22±2.6, IPPB1 32±5.2, and IPPB2: 28±5.2).  Maximal discomfort
was observed during the IPPB modes and was correlated with the magnitude of
transdiaphragmatic pressure (r= -0.60).

Despite similarities in their operational principles, IPS and IPPB had very dif-
ferent effects on respiratory muscle activity in healthy non-intubated subjects.  IPPB
machines not only failed to reduce patient's effort but also induced a significant
level of extra work by comparison to spontaneous ventilation at ambient pressure.
Great caution is, therefore, needed in the use of patient-triggered devices for non-
intubated patients with acute respiratory failure.
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Intermittent positive pressure breathing (IPPB) has
been proposed in non-intubated patients with the aim of
reducing the work of breathing and improving arterial
blood gases [1–4]. In addition, it has been used as a
tool to improve lung mechanics in patients with respi-
ratory muscle weakness and to prevent postoperative
complications in patients undergoing abdominal surg-
ery [5–7]. Although the results of numerous studies
evaluating the efficacy of this method have been dis-
appointing, it is still used in clinical practice in the post-
operative period [6].

Inspiratory pressure support (IPS) is a recent mode of
inspiratory assistance, which resembles IPPB in that cycles
are triggered by the patient, both methods are pressure-
targeted and both have been proposed for non-intubated
subjects [1–9].  IPS has been used for intubated patients

in the process of weaning from mechanical ventilation,
allowing a reduction in the work and oxygen cost of
breathing [10–12].  It has also been used for patients with
chronic obstructive pulmonary disease who were admit-
ted for acute respiratory failure, as a means of avoiding
tracheal intubation [8, 9].

The IPS and IPPB methods are both designed to pro-
vide a mechanical aid to lung expansion by assisting
inspiration. However, they differ because with IPS a
plateau pressure level is maintained during the entire
inspiration by servocontrol of the inspiratory flow.  Also,
their cycling mechanisms from inspiration to expiration
are different.  Various devices are now proposed for per-
forming noninvasive ventilation, with little evaluation of
their respective physiological effects.  We therefore won-
dered how far technical differences affect their efficacy



in non-intubated subjects.  We measured the work and
effort of breathing and ventilatory pattern in normal sub-
jects, during room air breathing and during a period of
CO2-induced hyperventilation, whilst they were succes-
sively connected to one IPS and two IPPB machines.
We found that  considerable extra work was induced by
IPPB devices.

Subjects and methods

All subjects gave their informed consent to participate
in this investigation.  The protocol had been approved
by the Ethics Committee of Henri Mondor hospital.

Seven normal nonsmoking volunteers, 5 males and 2
females (mean age 29 yrs, range 24–35 yrs), were stud-
ied whilst sitting comfortably in an armchair.  All were
physicians and four were considered as naive with regard
to the apparatus and modes of ventilation studied. The
subjects breathed with a noseclip, through a mouthpiece
attached to a pneumotachograph.  They were instructed
to place their hands on their cheeks during the applica-
tion of positive pressure.

Measurements

Airflow (V ') at the mouth was measured with a heat-
ed Fleisch No. 2 pneumotachograph connected to a dif-
ferential pressure transducer (Validyne DP45±2.5 cmH2O,
Northridge, CA, USA), and volume was obtained by elec-
trical integration of the flow signal.  The pneumotacho-
graph was calibrated with a 1 L syringe containing room
air.

Airway pressure (Paw) was recorded at the airway
opening with a differential pressure transducer (Validyne
DP45±70 cmH2O, Northridge, CA, USA).  To measure
oesophageal (Poes) and gastric (Pga) pressure, two thin
latex balloons attached to a double lumen polyethy-
lene catheter were introduced through the nostril after
topical anaesthesia; each was connected to a differen-
tial pressure transducer (Sensym SDX001, ±70 cmH2O,
Santa Clara, CA, USA).  The oesophageal and gastric
balloons were filled with 0.5 and 1 mL of air, respec-
tively, and were secured to the nose with tape after its
appropriate placement had been verified by an occlu-
sion test [13].  Transdiaphragmatic pressure (Pdi) was
derived by electrical subtraction of Poes from Pga.  When
present, expiratory positive Pga (Pga,exp) was measured
as the value of the positive swing from its minimal expi-
ratory level to the maximal expiratory level before end-
expiratory decay.  The expired fraction of CO2 (FE,CO2)
was continuously monitored by means of an infra-red
CO2 analyser (Gould capnograph IV, Bilthoven, The
Netherlands) which sampled gas at the mouthpiece.

The expiratory line resistance of the different machines
was measured in vitro by computing pressure-flow rela-
tionship at different levels of expiratory airflow with the
ventilators connected to a constant flow source.

Procedures

The following four modes of ventilation were randomly
studied, in two steps, during room air breathing and dur-
ing CO2-induced hyperventilation.

Spontaneous breathing (SB).  Subjects breathed room air
through the mouthpiece connected to the pneumotacho-
graph.

Inspiratory pressure support (IPS).  The pneumotacho-
graph was connected to the Y-piece of the apparatus pro-
viding IPS.  This device was specially designed in our
laboratory to provide IPS with the following features:
flow-triggering with high sensitivity; ability to maintain
a plateau pressure over a large range of flow rates; and
low expiratory resistance.  The inspiratory part of the
circuit is pressurized during inspiration by injection of
compressed air into a tube open to the atmosphere.  The
air entrainment mechanism allows a plateau pressure to
be achieved which is maintained over a large range of
flow rates [9].  The flow trigger sensitivity is 1 L·min-1,
and the assistance is stopped when an adjustable level
of decelerating flow is reached (here, a fixed threshold
level of 15 L·min-1 was used).  Expiration occurs through
a large pneumatic expiratory valve, whilst the inspira-
tory part of the circuit is closed by a one-way valve.  The
level of IPS was set at 10 cmH2O.  IPS was flow-trig-
gered, pressure-limited and flow-cycled.

IPPB1.  The first apparatus allowing the delivery of IPPB
was the Monaghan 505 (Monaghan, Plattsburgh, NY,
USA) set at a cycling pressure of 10 cmH2O and at its
maximal flow rate (over 85 L·min-1 with a decelerating
flow pattern).  IPPB1 was pressure-triggered, flow-lim-
ited and pressure-cycled.

IPPB2.  The second apparatus was the CPU 1 ventilator
(Ohmeda, Maurepas, France) set in the barometric mode
with an inspiratory flow of 40 L·min-1 (constant flow
pattern), at a cycling pressure of 10 cmH2O with a trig-
ger sensitivity at its minimum level.  IPPB2 was pres-
sure-triggered, flow-limited and pressure-cycled.

Randomization was performed twice:  firstly to deter-
mine whether air or CO2 was used for the first four peri-
ods, and secondly to determine the order of the modes
of ventilation during each period.  During CO2-induced
hyperventilation, a special adaptor was used to connect
the pneumotachograph to the Y-piece of the ventilator,
and pure CO2 was added at a constant flow rate.  FE,CO2

was continuously monitored and the additional flow rate
of CO2 was adjusted to keep end-tidal CO2 between 6
and 7%. Special care was taken to ensure the same
FE,CO2 level for each subject during the four modes of
ventilation.  Each period lasted for 20 min and record-
ings were performed during the last 5 min.  After the
end of each period, the subject was asked to complete a
test to estimate subjective comfort, using a modified
Borg scale to evaluate sensation of dyspnoea during the
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different procedures [14]. Maximum breathing com-
fort was scored as 10 and maximal discomfort as zero.
The complete procedure lasted about 3 h for each sub-
ject.

Calculations

The signals of flow, tidal volume, Paw, Poes, Pga and
FE,CO2 were recorded on a six-channel recorder (Gould
Brush 260, Cleveland, OH, USA), and a typical exam-
ple is shown in figure 1.  The signals of flow, Paw, and
Poes were also digitized at 32 Hz and sampled with an
Apple IIe microprocessor system, which calculated the
following from the flow signal: tidal volume, respirato-
ry rate, minute ventilation, inspiratory time (tI), the ratio
of tI to total breath duration (tI/ttot), and peak inspirato-
ry flow (VI, max).

The work of breathing was also computed automati-
cally for each breath, and expressed as the area enclosed
between the inspiratory part of a tidal pressure-volume
loop on the one hand and the relaxation curve of the
chest wall on the other [15].  The relevant pressure was
oesophageal pressure, and the volume, inspiratory tidal
volume.  The chest wall relaxation curve was assumed
to be linear and to have a slope corresponding to the pre-
dicted value for chest wall compliance in normal sub-
jects (i.e. 4% of the predicted vital capacity per cmH2O)

[16]. A Campbell diagram was constructed by pass-
ing this line through the end-expiratory elastic recoil
pressure of the chest wall.  When the total inhaled vol-
ume is exhaled and the relaxation volume of the respi-
ratory system is reached, end-expiratory elastic recoil
pressure of the chest wall is equal to the oesophageal
pressure at the beginning of inspiration.  In case of dy-
namic hyperinflation, when the equilibrium state is not
reached at the end of expiration, additional pressure is
generated by gas trapping, i.e. intrinsic positive end expi-
ratory pressure or auto-PEEP (PEEPi).  Dynamic PEEPi
was calculated from the oesophageal pressure tracing as
the sudden decline in pressure that occurs before the zero
flow point, as described previously [12,16].  In this case,
the chest wall relaxation line is passed through the value
of chest wall elastic recoil pressure at the end of expi-
ration, estimated as dynamic PEEPi. Values of Pdi were
calculated as the tidal Pdi excursions.  The oesophageal
pressure-time product (PTP) was measured as the sur-
face enclosed within the oesophageal pressure and the
static recoil pressure line of the chest wall over inspira-
tory time, taking dynamic PEEPi into account.

Here, the combination of high minute ventilation and
high expiratory resistance of the apparatus, induced the
appearance of dynamic PEEPi during the CO2-induced
hyperventilation step.  However, since expiratory mus-
cle activity was also present during CO2-induced hyper-
ventilation, we reasoned that part of the dynamic PEEPi
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Fig. 1.  –  Tracings of tidal volume (VT), airway pressure (Paw), oesophageal pressure (Poes), gastric pressure (Pga), expired fraction of CO2 (FE,CO2),
and airflow (V ') obtained from a representative subject during the four periods of unassisted breathing (SB, spontaneous breathing) or assisted
breathing with inspiratory pressure support (IPS) or intermittent positive pressure breathing with a Monaghan 505 apparatus (IPPB1), or an Ohmeda
CPU 1 ventilator (IPPB2).  A) The four runs performed during room-air breathing (AIR).  B) The four runs performed during CO2-induced hyper-
ventilation (CO2).  Inspiration (i) and expiration (e) are indicated in the airflow tracings.

V '

L·s-1

1
0 i i i i eeee

Pga

10 cmH2O

FE,CO2

5%
V '

L·s-1
e e e ei iii0

1

SB AIR IPS AIR IPPB1 AIR IPPB2 AIR IPS CO2SB CO2 IPPB1 CO2 IPPB2 CO2

A)

Pga

10 cmH2O
FE,CO2

5%



measured was only due to the compression of gas result-
ing from the action of the expiratory muscles, indepen-
dently of dynamic hyperinflation.  Because this positive
alveolar pressure does not constitute an inspiratory load,
we subtracted the amount of positive expiratory gastric
pressure swing (Pga,exp) from the dynamic PEEPi mea-
sured on the oesophageal pressure tracing, as described
recently [17, 18].  Tracings obtained in a subject who
exhibited active expiratory muscle recruitment are shown
in figure 2.  The work·breath-1, expressed in Joules (J),
was then multiplied by the respiratory rate, to yield the
power of breathing (J·min-1). Power was divided by min-
ute ventilation, to obtain work·L-1 of ventilation (J·L-1).
Finally, mean inspiratory airway pressure (mean Paw) was
calculated for each breath during inspiration.

The mean value of at least 10 breaths was used to per-
form all the above calculations.

Statistics

Statistical analysis was carried out by means of a two-
way analysis of variance.  When the F-value was sig-
nificant at the 0.05 level, we carried out Tukey's test for
paired comparisons.  Regression analysis was performed
by the least square method.   All data are expressed as
mean±SD, unless otherwise indicated.

Results

Figures 1 and 2 show the tracings obtained during the
eight experimental runs in two representative subjects.

Room air breathing

Breathing pattern.  No differences were noted among
the four procedures for respiratory rate or t I/t tot, but the
maximal inspiratory flow was significantly higher (p<0.001)
with the three mechanical devices than during SB, as
shown in table 1.  Minute ventilation values (fig. 3) were
significantly lower during SB than during the IPS, IPPB1
or IPPB2 modes (6.7±1.5 versus 11.2±2.6, 13.8±3.3, and
11.8±2.8 L·min-1, respectively; p<0.01).  During SB,
FE,CO2 was significantly higher than during the three
assisted breathing modes (4.7±0.2 versus 3.6±0.5, 3.6±0.2
and 3.8±0.2%;  p<0.001).

Work of breathing and pressure time product.  The power
of breathing (fig. 4) and the work·L-1 of ventilation (fig.
5) were similar during SB and IPS, but significantly
higher with the two IPPB modes (2.4±0.7 J·min-1 and
0.35±0.1 J·L-1 for SB, and 2.3±3.3 J·min-1 and 0.2±0.2
J·L-1 for IPS, versus 7.35±5.2 J·min-1 and 0.5± 0.2 J·L-1

for IPPB1, and 7.2±6.2 J·min-1 and 0.56±0.2 J.L-1 for
IPPB2; p<0.04).  The PTP, in cmH2O·s·min-l, was 86±21
during SB, 52±36 during IPS, 136±75 during IPPB1, and
136±140 during IPPB2; p=0.08.
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Fig. 2.  –  Tracings of flow (V '), airway pressure (Paw), oesophageal pressure (Poes) gastric pressure (Pga), expired fraction of CO2 (FE,CO2), obtained
from a representative subject breathing with intermittent positive pressure breathing with a Monaghan 505 apparatus (IPPB1) (A), or an Ohmeda
CPU 1 ventilator (IPPB2) (B), and CO2-induced hyperventilation (CO2).  Note the positive expiratory gastric pressure swings during CO2-induced
hyperventilation, showing active expiratory muscle recruitment.  Inspiration (i) and expiration (e) are indicated in the airflow tracings.
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A significant difference in mean Paw was found between
IPS and the two IPPB modes (IPS 6.8±0.5, IPPB1 5.0±1.5,
and IPPB2 3.8±1.3 cmH2O; p<0.001).

Diaphragmatic activity, comfort and haemodynamics.
No significant difference was noted between the four
procedures for PEEPi, Pdi or Pga,exp (table 2).  Comfort
was significantly poorer (p<0.001) with the two IPPB
devices than with IPS or SB.  There was no difference
between the four procedures with respect to heart rate,

which ranged from 65±8 to 69±5 beats·min-1 (bpm), sys-
tolic blood pressure (111±8 to 113±13 mmHg), or dias-
tolic blood pressure (68±8 to 71±5 mmHg).

CO2-induced hyperventilation

Breathing pattern.  There was no difference between the
four procedures as regards respiratory rate (table 1).  tI/ttot
was significantly greater with IPPB2 than with the three
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Table 1.  –  Respiratory rate, duty cycle and flow rate of
seven healthy subjects, in four periods of unassisted or
assisted breathing, during room air breathing and during
CO2-induced hyperventilation

SB IPS IPPB1 IPPB2 p-value

Room air breathing
Respiratory rate  15±2 15±2 14±2 14±2 NS

breaths·min-1

tI/ttot % 41±2 34±5 41±5 36±8 NS

V 'I,max L·min-1 26±2* 70±10 72±13 54±10** 0.0001
CO2-induced hyperventilation
Respiratory rate  19±2 18±2 18±2 16±2 NS

breaths·min-1

t I/t tot % 45±2 45±2 44±2 52±5** 0.001
V 'I,max L·min-1 74±20* 105±13+ 93±23+ 69±13 0.0003

Values are presented as mean±SD.  SB: spontaneous breathing;
IPS: inspiratory pressure support; IPPB1: intermittent positive
pressure breathing (Monaghan 505); IPPB2: intermittent posi-
tive pressure breathing (Ohmeda CPU 1); t I/t tot: ratio of inspi-
ratory time to total cycle duration; V 'I,max: maximal inspiratory
flow rate.  *: significantly different from IPS and IPPB1; **:
significantly different from SB, IPS and IPPB1; +: significant-
ly different from IPPB2. 
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Fig. 3.  –  Minute ventilation (V 'E) during four periods of unassisted
breathing (SB: spontaneous breathing) or assisted breathing using inspi-
ratory pressure support (IPS) or intermittent positive pressure breath-
ing with a Monaghan 505 apparatus (IPPB1) or an Ohmeda CPU 1
ventilator (IPPB2).  Values are presented as mean±SEM.  During spon-
taneous breathing (     ), an asterisk denotes a value significantly dif-
ferent from IPS, IPPB1 and IPPB2 (p<0.01); during CO2-induced
hyperventilation (    ), an asterisk denotes a value significantly dif-
ferent from IPS and IPPB1 (p<0.041).
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Fig. 4.  –  Power of breathing during four periods of unassisted breath-
ing (SB: spontaneous breathing) or assisted breathing using inspirato-
ry pressure support (IPS) or intermittent positive breathing with a
Monaghan 505 apparatus (IPPB1) or an Ohmeda CPU 1 ventilator
(IPPB2).  Values are presented as mean±SEM.  During room air breath-
ing (   ), an asterisk denotes a value significantly different from
IPPB1 and IPPB2 (p=0.02).  During CO2-induced hyperventilation 
(      ), an asterisk denotes a value significantly different from IPPB1

and IPPB2 (p<0.001).
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four periods of unassisted breathing (SB: spontaneous breathing) or
assisted breathing using inspiratory pressure support (IPS) or inter-
mittent positive pressure breathing with a Monaghan 505 apparatus
(IPPB1) or an Ohmeda CPU 1 ventilator (IPPB2).  Values are pre-
sented as mean±SEM.  During room air breathing (    ), an asterisk
denotes values significantly different from IPPB1 and IPPB2 (p=0.03).
During CO2-induced hyperventilation (    ), an asterisk denotes a
value significantly different from IPPB1 and IPPB2 (p<0.001).
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other modes, and the maximal inspiratory flow measured
during IPS and IPPB1 was significantly higher than with
IPPB2 and SB.  FE,CO2 ranged between 6.2±0.5 and
6.7±0.5% during the different modes (NS), and minute
ventilation was higher during hypercapnia than during
room air breathing.  As shown in figure 3, minute ven-
tilation was slightly but still significantly higher during
IPS and IPPB1 than during SB (28.7±5 and 29.8±8 ver-
sus 23.7±8 L·min-1; p=0.04).

Work of breathing and pressure time product.  Power of
breathing was 6–12 times higher during CO2-induced
hyperventilation than during room air breathing.  Again,
significant differences existed between the modes.  As
shown in figures 4 and 5, the highest values for power
and work per litre of ventilation were measured with
IPPB1 and IPPB2, for which these indices were signifi-
cantly higher than with IPS or SB (64.8±22 J·min-1 and
2.14±0.2 J·L-1 for IPPB1, and 48.7±23 J·min-1 and 1.82±0.8
J·L-1 for IPPB2 versus 29.9±15 J·min-1 and 1.25±0.5 J·L-1

for SB and 33.9±22 J·min-1 and 1.15±0.5 J·L-1 for IPS;
p<0.001).  The PTP, expressed in cmH2O·s·min-l, was
significantly lower during SB and IPS (361±144 and
333±175, respectively) than during IPPB1 and IPPB2
(619±168 and 642±347, respectively, p<0.001).

Mean Paw was positive during IPS, but became neg-
ative during IPPB modes (4.7+0.8 cmH2O for IPS ver-
sus -2.8±1.6 for IPPB1 and -4.5±0.5 for IPPB2;  p<0.001),
as can be seen in figure 6, indicating that with IPPB1
and IPPB2 the demand considerably exceeded the flow
supplied by the machines.

Diaphragmatic activity, comfort and haemodynamics.
Pdi was significantly lower during IPS than during SB
and both IPPB modes (table 2).  Pdi reached the high-
est values with IPPB1 and IPPB2.  Values of positive
expiratory gastric pressure swings were higher with the
two IPPB modes than with SB and IPS (table 2). The
values for dynamic PEEPi were small during the four
periods, and did not differ significantly from each other
(table 2).  Various degrees of discomfort were noted by
the subjects, the two worse situations being IPPB1 and
IPPB2 (table 2). Significant negative correlations were
observed between comfort and Pdi (r=-0.60;  p<0.01),
and comfort and power of breathing (r=-0.53;  p<0.01).
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Table 2.  –  Transdiaphragmatic and gastric pressure, PEEPi and comfort of seven healthy subjects in four periods
of unassisted or assisted breathing, during room air breathing and during CO2-induced hyperventilation

SB IPS IPPB1 IPPB2 p-value

Room air breathing
Pdi cmH2O 9±2 8±2 10±2 11±2 NS

Pga,exp cmH2O 0 0 0.1±0.2 0 NS

PEEPi  cmH2O 0 0 0.9±1.8 0.6±1.6 NS

Comfort 9.8±0.2* 9.1±1* 6.1±2.8 7.2±2 0.001
CO2-induced hyperventilation
Pdi cmH2O 22±2*+ 18±2* 32±5 28±5 0.001
Pga,exp cmH2O 2.5±1.8* 2.2±1.3* 6.7±4.1 6.2±3.1 0.001
PEEPi  cmH2O 1.0±0.8 1.7±1.6 3.3±2.8 1.4±1.8 NS

Comfort 6.8±1.8* 6.5±2* 3.1±2.8 4.1±1.8 0.001

Values are presented as mean±SD.  Pdi: transdiaphragmatic pressure; Pga,exp: expiratory swings in gastric pressure; PEEPi:
intrinsic positive end-expiratory pressure.  For further abbreviations see legend to table 1.  *: significantly different from
IPPB1 and IPPB2; +: significantly different from IPS.
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lator (IPPB2).  ❏:  SB; ❍: IPS; ▲: IPPB1; ♦: IPPB2.  
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All haemodynamic values for SB, IPS, IPPB1, and IPPB2
were higher than those for room air breathing (p<0.05).
Heart rate ranged from 90±8 bpm during IPPB1 to 82±10
bpm during IPS (p=0.04).  Systolic and diastolic blood
pressure, respectively, ranged from 138±16 to 127±13
mmHg (NS), and from 83±16 to 80±5 mmHg (NS).

Expiratory resistance of the circuits.   Expiratory circuit
resistance was computed in vitro for each apparatus by
plotting the pressure drop across the circuit at various
levels of expiratory flow.  The pressure-flow relation-
ships for the circuits are depicted in figure 7.  For an
airflow rate of 1 L·s-1, circuit resistances (expressed in
cmH2O·L·s-1) were as follows:  0.9 during SB, 0.9 dur-
ing IPS, 9.6 during IPPB1, and 5.6 during IPPB2.

Discussion

In this study, we found that in normal non-intubated
subjects the effects of IPS and two IPPB devices on the
work of breathing were clearly different.  These differ-
ences were considerably exaggerated during CO2-induced
hyperventilation.  The IPPB devices not only failed to
reduce patient's effort but also induced a substantial
amount of extra workload, compared to unassisted breath-
ing. When IPS was set at a pressure of 10 cmH2O, it
induced a level of work similar to that observed with
spontaneous breathing, and allowed the reduction of trans-
diaphragmatic pressure during CO2-induced hyperventi-
lation.

The aim of this study was not to demonstrate that one
apparatus designed for ventilatory assistance was better
than another, but to stress the importance of the differ-
ences in technical design as regards their physiological
effects.  In the present study, one can argue that the par-
ticular devices selected to deliver IPPB were not, among
all IPPB devices, the optimal ones.  In addition, a fixed
setting during the two periods was selected for the study
and a different set-up could lead to different effects on
work of breathing.  Noninvasive ventilation is now com-
monly proposed as a means of resting the respiratory
muscles of patients with respiratory insufficiency [19, 20],
either to replace home ventilation through tracheostomy
[21], or to avoid the need for intubation in patients with
acute exacerbation of chronic obstructive disease [9] or
other causes of acute respiratory failure [8].  Both favour-
able clinical results [8, 9, 22] and unfavourable results
[23, 24] have been reported for patients with acute res-
piratory failure.  However, the efficacy of such systems
as regards the changes in physiological parameters was
not reported in the latter studies [23, 24].

Although commonly available IPPB devices could be
used in acute respiratory failure, we found here that their
efficacy was very different from IPS, despite similarities
in their working principles. We observed that the IPPB
apparatus considerably increased the effort required for
spontaneous ventilation and induced great discomfort,
whereas the IPS machine did not.  Such results suggest
that the use of inadequate systems for patients with severe
dyspnoea may considerably worsen respiratory failure.

This may potentially happen with any device which has
not been rigorously tested in these conditions, and may
explain an apparent inefficacy of noninvasive ventilation
with such devices.

IPS and IPPB systems present several technical dif-
ferences [25]. These differences are related to: the trig-
ger variable (what starts inspiration); the limit variable
(what sustains inspiration);  and the cycle variable (what
ends inspiration).  IPPB1 and IPPB2 are pressure-trig-
gered whereas IPS is flow-triggered.  The limit variable
is pressure in IPS, whereas it is flow in IPPB2; there is
no real limit variable during inspiration in IPPB1, although
the maximal flow capacity of the ventilator constitutes
a constraint. The cycle variable is pressure in both IPPB
devices, and flow in IPS; this characteristic can impose
an active expiratory effort to raise airway pressure [3,
26].  The IPS and IPPB1 both delivered a descending
ramp flow, whereas IPPB2 delivered a pulse flow.  The
expiratory resistances were also different among the
devices, being much higher with the two IPPB machines,
as can be seen in figure 7.

When patients have high ventilatory requirements, as
occurred during CO2-induced hyperventilation, a high
initial flow rate may be an important determinant of com-
fort and may affect respiratory drive [14, 16, 27, 28].  In
intubated patients, an inadequate inspiratory flow pattern
with a low peak flow relative to patient's demand induces
excessive inspiratory work of breathing and pressure-
time product [29].  An inappropriately low inspiratory
flow may also impair lung inflation and increase the
t I/t tot [30], as observed during CO2-induced hyperventi-
lation with the IPPB2 device, which is a flow-limited
mode.  However, with the IPS and IPPB1 devices, peak
flow rates were not significantly different.  Despite this,
considerable differences in comfort and respiratory mus-
cle work were found between the two devices.  It there-
fore suggests that other factors may influence these
differences.  With IPPB circuits, greater impedance to
airflow was likely, as suggested by the greater airway
pressure drop during inspiration and the greater inten-
sity of subjects' effort.  During CO2-induced hyperven-
tilation, mean inspiratory Paw was negative with the two
IPPB devices, thus indicating that the flow needed by
the subjects far exceeded the flow provided by the ven-
tilator.  Figure 5 illustrates the fact that the increase in
flow requirements, as generated during the period of
hyperventilation, induced a drop in mean inspiratory Paw
with IPPB devices, whereas it remained positive with
IPS.

The fact that the expiratory resistances of both IPPB
circuits were much higher than that of the IPS circuit
probably affected our results.  It has been suggested that
an increase in the flow impeding characteristics of expi-
ratory valves augment the inspiratory work of breathing
[31].  Furthermore, high expiratory resistance can mag-
nify the sensation of dyspnoea.  Dynamic hyperinflation
resulting in relevant PEEPi levels may be observed with
IPPB devices as a result of high expiratory circuit resis-
tance, and increase the elastic load.  We did not observe
such an effect here because all subjects were free of lung
disease.
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During CO2-induced hyperventilation, active expira-
tory work was present, and was intensified with the IPPB
circuits.  Previous studies also showed that active expi-
ratory work was induced by these circuits [3, 26], and
the cycling mechanism from inspiration to expiration may
play a role in this expiratory effort.  In our study, recruit-
ment of the abdominal muscles during expiration was
suggested by the positive expiratory swings observed on
gastric pressure tracings,  and the higher values observed
for expiratory Pga with both IPPB machines with regards
to IPS and unassisted breathing, suggest that IPPB enhan-
ced expiratory muscle recruitment [18, 32].

Comfort was satisfactory during spontaneous breath-
ing and IPS, but was considerably poorer with both IPPB
modes.  The increases both in inspiratory work and expi-
ratory muscle activity might contribute to the greater sen-
sation of dyspnoea described by the subjects during IPPB,
and may lead to a lack of synchrony between the sub-
ject and the ventilator.  During CO2-induced hyperven-
tilation, the level of comfort correlated better with the
indices of inspiratory muscle activity, i.e. Pdi and power
of breathing (r=-0.60 and -0.53, respectively; p<0.01 for
both) than with the expiratory swings in gastric pressure
(r=0.38; p=0.04). This suggests that inspiratory effort
was the main cause of discomfort. If systems such as
IPPB are to be proposed for spontaneously breathing
patients with acute respiratory failure, any worsening of
dyspnoea induced by the device should be avoided.  Ad-
ditionally, the higher level of comfort during IPS indi-
cates that this type of assistance is more appropriate for
dyspnoeic subjects.

We arbitrarily selected a preset pressure level of 10
cmH2O, because higher levels of IPPB have been poorly
tolerated in some patients [1]. In the light of previ-
ous data concerning intubated [10, 12, 33, 34] or non-
intubated patients [9] with acute respiratory failure, the
selected level of IPS was relatively low and probably
insufficient to meet the subjects' demand.  The level of
IPS was almost entirely used to overcome circuit resis-
tance.

In conclusion, we found in this study that, in normal
subjects, several ventilatory assistance devices, based on
similar principles but using different mechanisms for
delivering assistance, had different effects on respira-
tory muscle activity.  When ventilatory demand was great,
the two IPPB machines considerably worsened inspira-
tory muscle work and discomfort, even compared to unas-
sisted spontaneous breathing, whereas IPS assistance
better matched patient's demand.
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