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Abstract Objective: The new gener-
ations of intensive care ventilators
tend to be more innovative and so-
phisticated than previous ones, but
little is known about their respective
performance for delivering pressure
support ventilation (PSV) and how
they compare to previous genera-
tions. Design: Active lung model
bench test. Apparatus: Twenty-two
commercially available ventilators
classified into three categories: new
generation ventilators (after 1993,
n=7), previous generation (before
1993, n=6), and recent piston or tur-
bine-based ventilators (n=9).
Measurements and results: During
PSV, the unloading efficacy of the
assistance depends on the ventila-
tor’s ability to meet inspiratory flow
demand. Three levels of flow
(0.1 l/s, 0.6 l/s, and 1.2 l/s) were
used to simulate inspiratory demand
and the net area of the inspiratory
airway pressure-time trace was cal-
culated over the first 0.3 s, 0.5 s, and
1 s (Area 0.3, Area 0.5, and Area tot)
with three levels of PSV (5 cmH2O,
10 cmH2O, and 15 cmH2O). To as-

sess the respective role of pressure
support delivery and triggering func-
tion, triggering sensitivity was as-
sessed independently by measuring
the time delay (TDtg) and the pres-
sure fall (∆Pawtg) with two levels of
inspiratory drive. All the new gener-
ation ventilators exhibited signifi-
cantly better results than most of the
previous generation ventilators 
regarding Area 0.3 and TDtg, indicat-
ing large improvements in terms 
of triggering and pressurisation.
Conclusion: Regarding PSV and
trigger performance, the new genera-
tion ventilators – but also some pis-
ton and turbine-based ventilators –
outperform most of previous genera-
tion ventilators.
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Bench testing of pressure support ventilation
with three different generations of ventilators

Introduction

The new generations of intensive care (ICU) ventilators
tend to be more innovative and sophisticated than previ-
ous ones to allow a better adaptation of the machines to
the patients’ needs [1]. In recent years, manufacturers
have used very different technologies and basic mecha-
nisms (e.g., electromagnetic valve, piston, turbine, Ven-

turi), to optimise this synchrony through currently used
modes of assisted ventilation such as pressure support
ventilation (PSV). Little is known, however, about the
influence of the specific technical characteristics of each
ventilator on their performance and about their relative
efficiencies.

The clinical impact of the technical characteristics of
a ventilator is difficult to determine for the clinician at
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the bedside. In clinical practice, apparent problems with
an assisted mode, such as PSV, are more often ascribed
to the patient’s worsening condition or to the mode itself,
whereas poor technical performance is infrequently cited
[2, 3].

Several lung model studies, however, demonstrated
that technical differences among ventilators may mark-
edly affect their performance in assisting patients, espe-
cially regarding the trigger function and the pressurisat-
ion process [4, 5, 6, 7]. These differences have been
shown to have substantial consequences on the work of
breathing (WOB) [5, 6, 7, 8, 9]. For a given ventilator,
the airway pressure ramp setting profoundly affects pa-
tient’s WOB during PSV [8, 9], showing that the PSV al-
gorithm does influence breathing effort. Ventilators have
been compared in their ability to meet inspiratory peak
flow demand on a lung model simulating spontaneous
breathing [6, 10]. A wide range of variability in perfor-
mance among the tested ventilators has been reported,
especially with high simulated inspiratory demand.

No recommendations or legal requirements exist for
the comparison of ventilators, but the published results
strongly suggest that standardised test lung protocols to
compare ventilators might be useful.

The purpose of our study was to evaluate and com-
pare, on a bench test, the overall performance observed
during PSV among a very large panel of available ICU
ventilators.

Methods

Lung model

To simulate spontaneous ventilation, we used a system comprising
a two-chamber Michigan test lung (Training Test Lung: Michigan
Instruments, Grand Rapids, Mich., USA) attached to a driving
ventilator (Cesar: Taema, Antony, France). The driving chamber
was connected to and powered by the driving ventilator, whereas
the other chamber (pressurised chamber) was connected to the
ventilator under test. The two chambers were physically connected
to each other by a small metallic piece; therefore, the positive
pressure generated by the driving ventilator in the driving chamber
resulted in a negative pressure in the pressurised chamber, which
was perceived as an inspiratory effort by the ventilator under test.
The metallic piece was not secured to the pressurised chamber, al-
lowing this chamber to rise freely above the driving chamber.
Each ventilator was connected to its respective chamber with an 
8-mm internal diameter endotracheal tube (ETT) corresponding to
an inspiratory resistance of 7 cmH2O at 1 l/s, and a standard dis-
posable ventilator circuit (Intersurgical, Berkshire, UK; circuit
compliance = 2 ml/cmH2O) from which the humidifier was omit-
ted. The compliance of the chamber was adjustable. Special atten-
tion was paid to ensure synchronisation of the two chambers at the
onset of the inspiration, especially when a positive end-expiratory
pressure (PEEP) was applied. Spontaneous ventilation was simu-
lated with different respiratory patterns, resulting from the combi-
nation of driving ventilator settings and bench test conditions.

PSV Evaluation

The driving ventilator was set to simulate three levels of effort. A
decelerating flow was used to create the maximal flow demand at
the onset of the breath, as often observed in patients [11]. A low
respiratory frequency (12 cycles/min) and an inspiratory time of
1 s were used to minimise the risk of gas trapping. The decelerat-
ing flow wave shape was used and set respectively at 1.2 l/s,
0.6 l/s, and 0.1 l/s of mean inspiratory flow, to respectively pro-
vide the three levels of effort, i.e., high, moderate, and low level
of respiratory drive. A high compliance (100 ml/cmH2O) was cho-
sen for the pressurised chamber in order to put the tested ventilator
in a critical situation. Indeed, both a high flow demand and high
system compliance (associated with a low resistance), forced the
tested ventilator to deliver a high peak flow rate to reach and
maintain the set pressure. The compliance of the driving chamber
was set lower than the pressurised chamber at 80 ml/cmH2O, al-
lowing the pressurised chamber to inflate at a higher speed than
the driving chamber.

In order to assess the respective role of trigger and PSV, these
tests were completed by a specific evaluation of trigger perfor-
mance.

Specific triggering evaluation

The driving ventilator was set to simulate successively a low and a
moderate effort. The intensity of the effort was quantified by the
pressure decrease at 0.1 s during an occlusion (P0.1) performed at
the exit of the pressurised chamber. A respiratory frequency of
12 cycles/min, an inspiratory time of 1 s, and two constant inspira-
tory flow rates (0.24 l/s and 0.44 l/s) were used to obtain at the air-
way opening P0.1 values of 2 cmH2O and 4 cmH2O. The compli-
ance of the pressurised chamber was set at 80 ml/cmH2O, whereas
the driving chamber was set at 30 ml/cmH2O, for the same reason
as described above.

Measurements

A Fleisch No. 2 pneumotachograph was inserted between the lung
model and the device under test. The differential pressure across
the pneumotachograph was measured (Validyne MP45, ±2 cmH2O,
Northridge, Calif., USA) and integrated to obtain volume. The air-
way pressure (Paw) was measured at the distal end of the circuit,
using a differential pressure transducer (Validyne MP45,
±70 cmH2O). Signals were digitised at 128 Hz and sampled using
an analogic/numeric system (MP100; Biopac Systems, Goleta, Ca-
lif., USA). The pneumotachograph was calibrated by measuring
the volume derived from the flow signal using a 1-l syringe. Pres-
sure transducers were calibrated at 10 cmH2O using a water ma-
nometer.

Experimental procedure and calculations

Dynamic evaluation of PSV

The test lung was set as previously described in order to simulate
three levels of respiratory drive (low, moderate, and high). The
ventilator under test was set in the PSV mode with the most sensi-
tive trigger setting not associated with auto-triggering (usually the
most sensitive setting), and the highest pressure rise slope. When
the choice was available between flow and pressure triggering, the
flow configuration was used. Three levels of pressure support
(PSV level = 5 cmH2O, 10 cmH2O, and 15 cmH2O) above a PEEP
set at 5 cmH2O, were successively tested under the simulated
breathing conditions.
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The negative deflection in Paw trace was used to determine the
onset of the inspiratory phase (Fig. 1). To assess the ability of the
ventilator to pressurize the lung at each given inspiratory effort,
different criteria derived from the Paw-time tracing were proposed
(Fig. 1). At the onset of the inspiration, Paw falls below PEEP un-
til reaching the trigger threshold. Paw then returns to PEEP and
becomes superior to PEEP when the flow delivered by the ventila-
tor overcomes the flow related to inspiratory effort. The time de-
lay (TD) during which Paw remained negative was systematically
measured. The initial phase during which Paw remains below
PEEP can be seen as an inspiratory imposed load, while the Paw
increase above PEEP represents a phase of mechanical unloading.
Because the essential part of the inspiratory effort may be per-
formed before and in the early part of inspiration during assisted
breathing [11], we reasoned that the initial efficacy of the pressuri-
sation of the airway was a crucial feature of PSV. We thus analy-
sed the first 300 ms and 500 ms of inspiratory effort. Accordingly,
the following criteria were defined and calculated: 1) the net area
described by the Paw-time tracing below and above the PEEP,
from the onset of the inspiration until, respectively, 0.3 and 0.5 s:
(Area0.3 = ∫ 0

0.3(Paw – PEEP)dt; Area0.5 = ∫ 0
0.5(Paw – PEEP)dt).

We hypothesised that these indexes could be sensitive to differen-
tiate ventilators; 2) the area (Area tot) of the Paw-time tracing dur-
ing the whole inspiratory time (Ti = 1 s) was also computed:
(Area tot = ∫ 0

1(Paw – Peep)dt. Although previously proposed by
others [6], this index was thought to be less powerful to differenti-
ate PSV algorithms for the reasons detailed above.

We chose to include the triggering phase in the evaluation of
the early inspiratory phase of PSV for two reasons. First, we had
previously shown that the triggering phase represented only a
small part of the total inspiratory effort and was much less impor-
tant than the pressurisation phase [7]. Second, and more impor-
tant, this represents the global amount of assistance received by
the patient, and it would be of little clinical relevance to study sep-
arately the post-triggering inspiratory assistance only.

Specific triggering system evaluation

Experimental conditions for specific trigger evaluation reproduced
those previously reported by Aslanian et al. [7] in a lung model
study in which the triggering function of nine ICU ventilators
were tested in detail. We kept this setting because it was demon-
strated that the differences observed in the lung model at low sim-
ulated inspiratory drive had a clinical impact on patient’s work of

breathing. Spontaneous ventilation was simulated using the test
lung with the settings previously described and readjusted before
each set of measurements in order to obtain at the airway opening
P0.1 values of 2 cmH2O and 4 cmH2O. The ventilator under test
was set in PSV at 15 cmH2O successively with PEEP (5 cmH2O)
and without PEEP (ZEEP).

The tested machine was in the same configuration as for PSV
evaluation (highest Paw ramp, most sensible trigger without auto-
triggering, and flow-triggering if available). The onset of the in-
spiratory phase was determined as mentioned above. For each
simulated condition, triggering performance was assessed accord-
ing to the two following criteria : 1) the delay (TDtg) between the
onset of the effort and the time at which the airway pressure signal
rose and 2) the maximal decrease in Paw (∆Pawtg) measured from
its baseline value.

Ventilators tested

The ventilator bench test was part of a global evaluation per-
formed by the working group “Groupe de Travail des Respirat-
eurs” from Assistance Publique-Hôpitaux de Paris; ventilators
were provided by the manufacturers directly to this group.

The tested ventilators were categorised into three groups ac-
cording to their generation and working principles : 1) seven con-
ventional intensive care ventilators, commercially available since
1993 or later (new generation group); 2) six conventional ventila-
tors already available before 1993 (previous generation group).
All these 13 ventilators needed compressed gas to work; and 3)
nine recent ventilators characterised by their ability to generate
pressure independently of a pressurised gas source (eight turbine-
based and one piston-based ventilator). All ventilators were tested
with the same circuits, with the addition of specific features when
recommended by manufacturers (see below).

The following ventilators were tested:

● New generation ventilators: Evita II, Evita II Dura, and Evita
IV (Dräger, Lübeck, Germany); Servo 300 (Siemens-Elema,
Solna, Sweden); PB 840 (Puritan-Bennett, Carlsbad, Calif.,
USA); Galileo (Hamilton, Rhäzüns, Switzerland); Horus 
(Taema, Antony, France).

● Previous generation ventilators: 8400 ST (Bird, Palm Springs,
Calif., USA), Servo 900 C (Siemens-Elema), PB 7200 (Puri-
tan-Bennett), Bear 1000 (Bear, Palm Springs, Calif., USA),
Adult Star 200 (Infrasonics, USA), Veolar (Hamilton).

● Piston or turbine-based ventilators: Piston: PB 740 (Puritan-
Bennett). Turbines: T-Bird (Bird), BiPAP ST 30 and Vision
(Respironics, Murrysville Pittsburgh, Pa., USA), Helia (Saime,
Savigny-le-Temple, France), O’Nyx (Pierre Medical, Verrières-
le-Buisson, France and Puritan-Bennett), Quantum (Health-
dyne Technologies, Marietta, Ga., USA), Respicare (Dräger),
and Achieva (Puritan-Bennett).

The Vision, ST 30, and Quantum were tested with standard tub-
ings attached to expiratory exit (Respironics) and calibrated as
recommended by the manufacturers.

Statistical analysis

All parameter values represent the average of three to five breaths
obtained during steady state.

For each dependent variable (∆Pawpsv, TD, Area 0.3, Area 0.5,
Area 1, TDtg, ∆Pawtg), one-way analysis of variance was per-
formed for each independent variable.

Because we hypothesised that the newest generation of ventila-
tors had the best performance among all the ventilators, we first
compared the new ventilators to each other with an analysis of
variance, and compared both the older ventilators and the piston or
turbine-based ventilators with the group of the newest ventilators.
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Fig. 1 Schema of the method used to calculate the trigger charac-
teristics and the pressurisation phase during pressure support ven-
tilation based on the airway pressure-time curve. The trigger phase
is evaluated by the time delay (TD) and the pressure fall
(∆Pawpsv). The pressurisation is evaluated by the area measured at
0.3 s Area0.3, 0.5 s Area0.5, and 1 s Areatot



The influence of the amplitude of the effort (P0.1 = 2 cmH2O
and 4 cmH2O) on the triggering function was studied for each dif-
ferent generation group using the Wilcoxon test, and individually
for every ventilator during PSV (three levels of effort), with non-
parametric analysis of variance. The results are indicated in the
figures when significant. The significance level was set at P<0.05.

Results

Dynamic evaluation of PSV

PSV evaluation was not performed at 5 cmH2O with He-
lia for which the minimal setting for PSV is 8 cmH2O.

Area 0.3, Area 0.5, and Area tot for all levels of PSV

Data obtained by averaging Area 0.3, Area 0.5, and Area
tot measured with the three levels of PSV are represented
in Figs. 2, 3, and 4. Whatever the calculated area (Area

0.3, Area 0.5 or Area tot), no difference was found within
the group of “new generation” ventilators. 

When Area 0.3 was considered, most of newest venti-
lators outperformed the previous generation (Fig. 2). Re-
sults did not reach significance when Evita II and Evita
II dura were compared to Servo 900C or when Galileo
was compared to both PB 7200 and Servo 900C. All pis-
ton and turbine-based ventilators performed as well as
the new ventilators except for the T-Bird and O’Nyx
which were slightly, but significantly, less efficient than
Evita IV.

For all the previous generation ventilators the values
of Area 0.5 differed from at least one of the new genera-
tion ventilators except for Servo 900C which was equiv-
alent to all the newest ventilators (Fig. 3). No significant
difference was found when new ventilators were com-
pared to piston and turbine-based ventilators.

The Area tot did not differ among the ventilators, ex-
cept for Veolar that differed from all the newest ventila-
tors except Galileo (Fig. 4).
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Fig. 2 Inspiratory area measured as the integral of the airway
pressure-time trace over the first 0.3 s of inspiration (Area 0.3), for
all averaged pressure support (PSV) levels (5 cmH2O, 10 cmH2O,
and 15 cmH2O) according to the simulated level of inspiratory de-
mand (low, moderate, and high) for 22 ventilators (from left to
right: seven new generation ventilators, six previous generation

ventilators, and nine piston or turbine-based ventilators). No aster-
isk indicates new generation, * indicates previous generation, 
** indicates piston and turbine-based ventilators, # indicates
P<0.05 versus all new generation ventilators, $ indicates P<0.05
versus at least one of the new generation ventilators

Fig. 3 Inspiratory area measured
as the integral of the airway pres-
sure-time trace over the first 0.5 s
of inspiration (Area 0.5), for all
averaged PSV levels (5 cmH2O,
10 cmH2O, and 15 cmH2O) ac-
cording to the simulated level of
inspiratory demand (low, moder-
ate, and high). Same ventilators
as in Fig. 2. No asterisk indicates
new generation, * indicates pre-
vious generation, ** indicates
piston and turbine-based ventila-
tors, $ indicates P<0.05 versus at
least one of the new generation
ventilators
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An increase in simulated inspiratory effort signifi-
cantly decreased the values of Area0.3 and Area0.5
for all the previous generation ventilators, i.e., making
the values less positive or more negative, whereas it 
did not significantly alter these parameters for the
new generation ventilators (Figs. 2 and 3). For the last
group, only the T-Bird, O’Nyx, and Quantum were in-

fluenced by the magnitude of the effort for Area 0.3 and
Area0.5.

Area 0.3, according to the level of PSV

Because Area 0.3 most accurately differentiated ventila-
tor performance, the effect of PSV level is displayed for

Fig. 4 Inspiratory area mea-
sured as the integral of the air-
way pressure-time trace over
the first second of inspiration
(Area tot), for all averaged
PSV levels (5 cmH2O,
10 cmH2O, and 15 cmH2O) ac-
cording to the simulated level
of inspiratory demand (low,
moderate, and high). Same
ventilators as in Fig. 2. No as-
terisk indicates new generation,
* indicates previous generation,
** indicates piston and turbine-
based ventilators, $ indicates
P<0.05 versus at least one of
the new generation ventilators

Fig. 5 Inspiratory area mea-
sured as the integral of the air-
way pressure-time trace over
the first 0.3 s of inspiration, for
a PSV level of 5 cmH2O ac-
cording to the simulated level
of inspiratory demand (low,
moderate, and high). Same
ventilators as in Fig. 2. No as-
terisk indicates new generation,
* indicates previous generation,
** indicates piston and turbine-
based ventilators, # indicates
P<0.05 versus all new genera-
tion ventilators, $ indicates
P<0.05 versus at least one of
the new generation ventilators

Fig. 6 Inspiratory area mea-
sured as the integral of the air-
way pressure-time trace over
the first 0.3 s of inspiration, for
a PSV level of 10 cmH2O ac-
cording to the simulated level
of inspiratory demand (low,
moderate, and high). Same
ventilators as in Fig. 2. No as-
terisk indicates new generation,
* indicates previous generation,
** indicates piston and turbine-
based ventilators, # indicates
P<0.05 versus all new genera-
tion ventilators, $ indicates
P<0.05 versus at least one of
the new generation ventilators
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this parameter in Figs. 5, 6, and 7 with 5 cmH2O,
10 cmH2O, and 15 cmH2O of PSV, respectively. Within
the group of new generation ventilators, no difference
was found for these variables except for Evita IV that
performed better than Horus for PSV at 15 cmH2O. 

At 5 cmH2O, most of the newest ventilators per-
formed better than the previous generation except for
Servo 900C that was equivalent to all the newest ventila-
tors, and Adult Star, Bear 1000, and Bird 8400 that per-
formed as well as Evita II, Evita II dura, and Galileo
(Fig. 5). Within the turbines and piston group, O’Nyx
presented poorer performance than some of the new gen-
eration ventilators.

At 10 cmH2O and 15 cmH2O of PSV level, all previ-
ous generation ventilators, except Servo 900C, exhibited
poorer performance than the new generation ventilators
(Figs. 6 and 7). Servo 900C was equivalent to all the
new generation ventilators at 10 cmH2O and equivalent
to Horus at 15 cmH2O (Figs. 6 and 7).

Whatever the level of PSV studied (5 cmH2O,
10 cmH2O or 15 cmH2O), all piston or turbine-based
ventilators, except O’Nyx, performed as well as all the
new generation ventilators (Figs. 5, 6, and 7)

TD measured during the same tests

TD measured in the new generation ventilators was sig-
nificantly shorter compared to the previous generation
ventilators, except Servo 900C that did not significantly
differ from any of the newest ventilators. In contrast, all
piston and turbine-based ventilators, except O’Nyx, per-
formed as well as the new generation. Increasing the
simulated inspiratory effort (from low to moderate, and
to high) did not influence TD in the group of new gener-
ation ventilators, while all previous ventilators, except
Servo 900 C, were affected. Within the piston and tur-
bine-based ventilators group, TD was significantly modi-
fied only with T-Bird and O’Nyx.

Specific triggering system evaluation

TDtg and ∆Pawtg values measured with PEEP for all
studied ventilators according to the level of P0.1 are pre-
sented on Figs. 8 and 9. 

No difference was found for any variable within the
group of new generation ventilators. The inspiratory trig-

Fig. 7 Inspiratory area mea-
sured as the integral of the air-
way pressure-time trace over
the first 0.3 s of inspiration, for
a PSV level of 15 cmH2O ac-
cording to the simulated level
of inspiratory demand (low,
moderate, and high). Same
ventilators as in Fig. 2. No as-
terisk indicates new generation,
* indicates previous generation,
** indicates piston and turbine-
based ventilators, # indicates
P<0.05 versus all new genera-
tion ventilators, $ indicates
P<0.05 versus at least one of
the new generation ventilators

Fig. 8 Inspiratory trigger time
delay (TDtg, expressed in ms)
according to the simulated lev-
el of inspiratory drive (P0.1 =
2 cmH2O and 4 cmH2O). Same
ventilators as in Fig. 2. No as-
terisk indicates new generation,
* indicates previous generation,
** indicates piston and turbine-
based ventilators, # indicates
P<0.05 versus all new genera-
tion ventilators
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ger time delay was significantly shorter with the new
generation ventilators compared to all the previous gen-
eration ventilators, and to six of the nine other ventila-
tors (Fig. 8). The results of the inspiratory trigger time
delay with ZEEP were quite similar, although the differ-
ences did not always reach the significance level (proba-
bly because all the turbine-based ventilators, except 
Helia, could not be evaluated in ZEEP: these devices
function as bilevel positive airway pressure ventilators).

Results of ∆Pawtg showed that only Bear 1000, Ve-
olar, and Respicare resulted in slightly but significantly
higher values than four of the new generation ventilators
(Fig. 9).

The influence of the simulated inspiratory effort was
as follows: whatever the condition tested (PEEP or
ZEEP), TDtg was significantly longer (P<0.001) and
∆Pawtg significantly lower (P<0.001) with the low high
respiratory drive (P0.1 = 2 cmH2O) than with the high
respiratory drive (P0.1 = 4 cmH2O), for the three groups
of ventilators (new, old, and piston-turbines).

Discussion

This study, performed on a lung model, allowed the
comparison of a large number of ventilators under a
wide range of simulated clinical conditions. Such an
evaluation would not have been possible in patients; a
lung test protocol is therefore useful to test and compare
a large number of ventilators. In addition, our data pro-
vide reference measurements to which every new venti-
lator can be compared.

Modern, sophisticated ICU ventilators are usually re-
leased in the market with no standardised test lung eval-
uation, and most devices are routinely used despite the
lack of any comparative evaluation of their performance.
The unique feature of this study was the possibility to
evaluate and compare almost all available ventilators on
the market at the same time. In the present study, we

characterised the performance of 22 commercial ICU
ventilators, evaluating different components of PSV. We
found that recent conventional ICU ventilators (the new
generation group), but also recent piston and turbine-
based ventilators, exhibited better performance than old-
er ICU ventilators (the previous generation group), re-
garding time delay and slope of pressurisation. These
differences were particularly pronounced with a high in-
spiratory demand. The clinical consequences of these
findings were not evaluated here, but could play a role in
terms of comfort and may be important in situations as-
sociated with high respiratory drive, mechanical impair-
ment, and the use of a moderate PSV level, such as the
weaning process or noninvasive ventilation.

Triggering system

PSV is a partial ventilatory support during which sub-
stantial inspiratory muscle activity may remain. During
PSV, the effort required to trigger the ventilator repre-
sents 10–30% of the breathing effort [7]. New triggering
systems working on flow rather than pressure detection
have been implemented on recent ICU ventilators [12,
13]. Such systems have been claimed to improve pa-
tient-ventilator synchronisation by reducing triggering
effort [12, 13, 14, 15]. In a lung model study using simi-
lar methodology, Aslanian et al. confirming previous
findings [12, 13, 14, 15] showed that breathing effort
evaluated on a bench test was significantly less with
flow triggering than with pressure triggering during
PSV in two commercialised ICU ventilators [7]. In a
group of eight patients investigated in the clinical part
of this study and using a ventilator already studied in
the bench test, flow triggering as compared with pres-
sure triggering was associated with significant reduc-
tions in all indexes of breathing effort, demonstrating
that differences observed in vitro did affect breathing ef-
fort. Most experimental and clinical studies designed to

Fig. 9 Inspiratory trigger pres-
sure fall (∆ Pawtg, expressed
in cmH2O) according to the
simulated level of inspiratory
drive (P0.1 = 2 cmH2O and
4 cmH2O). Same ventilators as
in Fig. 2. No asterisk indicates
new generation, * indicates
previous generation, ** indi-
cates piston and turbine-based
ventilators, $ indicates P<0.05
versus at least one of the new
generation ventilators



test trigger sensitivity have focused on comparisons
among the different available systems for a given venti-
lator. Continuous positive airway pressure systems have
been compared on different ventilators [16, 17, 18, 19,
20], whereas only a few studies evaluating trigger per-
formance of ICU ventilators are currently available [10].
Recently, Williams et al. reported a bench test study in
which the performance of seven ventilators, set in PSV
mode, were tested under different conditions [10]. The
authors observed that increasing the simulated inspirato-
ry drive resulted in an increase in pressure fall and time
delay. Similar to our study, PB 840 and Servo 300 had a
better response than Bear 1000. A trend toward better
performance was also observed with these recent venti-
lators compared to Evita II and Galileo. Confirming
these results, we found that the newer generation of con-
ventional ventilators, but also recent piston and turbine-
based ventilators, exhibited better performance than the
previous ones, in terms of performance of trigger sensi-
tivity. We also demonstrated that a minor increase in
P0.1 (2 cmH2O versus 4 cmH2O) resulted in a higher
pressure fall (∆ Paw). For the new ventilators only, we
found that the increase in demand did not affect time de-
lay (i.e., defined by the time where pressure remains be-
low PEEP) while shortening the trigger time delay. This
indicates that the trigger is activated earlier but the pres-
surisation phase is difficult for the ventilator and is bet-
ter achieved by the recent ones. The clinical impact of
such bench test results has been previously demonstrat-
ed by studies from our group [7, 21]. The newer tech-
nologies used by manufacturers, i.e., microprocessors,
servo-valves, and fast and potent turbines, have substan-
tially improved recent generation ventilators regarding
global trigger response.

PSV Evaluation

PSV represents a widely used mode of partial ventila-
tory support during acute respiratory failure and the
weaning process [22, 23]. PSV works by reducing
breathing effort in proportion to the pressure level. The
ventilator’s ability to meet patient’s inspiratory peak-
flow determines PSV efficiency, especially in case of
high inspiratory drive [22]. This ability may markedly
differ from one device to another. In a clinical evalua-
tion aimed at comparing different ventilators, Mancebo
et al. [5] and Lofaso et al. [21] in both a lung model and
a clinical study demonstrated that breathing effort could
be profoundly affected by the flow profile. Bonmar-
chand et al. [8, 9] demonstrated that a rapid rise in Paw
during PSV resulted in less patient effort than a slow
rise. Chiumello et al. found that both a high and a low
pressure rise slope increased discomfort and work of
breathing [24]. Contrasting with assist-control ventila-
tion, the inspiratory flow during PSV is not limited, the-

oretically allowing matching between flow demand and
flow delivery. In this respect, flow responsiveness
should not be limited either by technical characteristics
or by the algorithm. The maximal flow capability of the
ventilator is not a relevant parameter to compare the
ventilators, since the synchronisation with the patient’s
demand is the most crucial feature [11]. Detailed assess-
ment of home-care devices has been performed [6, 21]
while only a few studies exist concerning ICU ventila-
tors [10]. The differences found in this study under dy-
namic conditions suggest that the ventilators under test
were not equivalent in their ability to support breathing
effort, especially when the respiratory demand in-
creased. The criteria proposed in this test reflect both
the pressurisation characteristics and the trigger respon-
siveness. Indeed, during breathing, Paw initially de-
pends on the time needed by the ventilator to begin in-
sufflation (i.e., the triggering phase), and, later, on the
balance between flow demand and flow delivery [13].
When inspiratory flow demand is higher than the deliv-
ered flow, Paw remains below baseline, inducing an ad-
ditional load for the patient. Bunburaphong previously
proposed measuring inspiratory area during the whole
inspiratory time, on the Paw time-trace [6]. Because
both instantaneous inspiratory flow (and thus Paw) and
inspiratory time may differ between devices, however,
the same total inspiratory area may correspond to differ-
ent pressure-time slopes. For example, a lower pressure
rise time will result in a later termination of the breath
which may compensate, in terms of total area, for the
low initial airway pressure. In this case, this measure-
ment will not reflect the lack of assistance during the
initial part of the effort. The inspiratory area at the onset
of the breath (at arbitrarily chosen times of 0.3 s and
0.5 s) better evaluates this important phase [11]. These
criteria more accurately differentiated ventilator perfor-
mance than total inspiratory area.

Limitations

Because this is a lung model study, direct application of
our findings to the clinical settings should be undertaken
with caution. In addition, the ventilatory patterns simu-
lated on the bench test deliberately represented a large
range of settings in order to explore the limits of the
system tested. The lung model used in this study
presents shortcomings. Since the course of the pressuri-
sed chamber may be independent from the driving cham-
ber, when delivery of flow overcompensates the demand,
the control of the duration of the inspiratory effort is
usually not possible. A more complex lung model, as
proposed by Bunburaphong et al. [6], allowing for the
control of both inspiratory and expiratory time, would
have been needed to investigate the end-inspiratory off-
switch mechanism.
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In conclusion, the test protocol proposed in the pres-
ent study allows for the description of a large variability
of performance between almost all the commercially
available ICU ventilators. Regarding trigger sensitivity
and the system’s ability to meet inspiratory flow during
pressure-supported breaths, the most recently developed

ventilators (conventional ones, but also piston and tur-
bine ones) outperformed older conventional ICU ventila-
tors.
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