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Abstract Objective: To examine pa-
tient-ventilator interaction during
pressure support ventilation in criti-
cally ill patients when they were
ventilated: (1) by a new system
(Vision, Respironics) which uses the
flow waveform as a method of trig-
gering and cycling; and (2) by a new
generation ventilator (Evita 4, 
Drager) which uses the traditional
flow triggering (2 l/min) and cycling
criterion (25% of peak flow). De-
sign: Prospective clinical and bench
study. Methods: Twelve mechanical-
ly ventilated patients were studied at
three levels of pressure support, ap-
plied randomly with both ventilators.
The two systems of triggering were
further studied at controlled levels of
dynamic hyperinflation and respira-
tory drive using an active lung mod-
el. Results: Patients’ breathing pat-
terns, respiratory effort, and arterial
blood gases were not affected by the
type of ventilator. The flow wave-
form method of triggering was more

sensitive to patient effort than the
flow triggering, resulting in less in-
effective effort but a greater number
of auto-triggerings. At controlled
levels of dynamic hyperinflation and
inspiratory effort the simulated pa-
tient effort needed to trigger the 
ventilator was considerably less 
with the flow waveform method of
triggering than that with the flow
triggering. The flow waveform
method of cycling resulted in me-
chanical breaths with similar charac-
teristics to those that used the tradi-
tional flow criterion of breath termi-
nation. Conclusions: We conclude that
the flow waveform method of trigger-
ing improves the ventilator function
and decreases the patient effort during
the triggering phase. This system is
highly sensitive, but under certain cir-
cumstances may be unstable.

Keywords Respiratory effort · 
Dynamic hyperinflation · Ineffective
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Introduction

During assisted modes of support the trigger variable and
cycling criterion are important determinants of patient-
ventilator interaction [1, 2, 3]. It has been shown that
both factors may considerably affect the function of the
ventilator as well as the patient work of breathing [1, 2,
3, 4, 5]. The trigger variable is usually pressure or flow
and the latter is associated with reduced work of breath-
ing during the triggering phase [1, 6, 7]. The cycling cri-
terion depends mainly on the mode of support. With vol-

ume assist the cycling criterion is volume or time,
whereas with pressure support it is either an absolute
value of inspiratory flow or a percentage of peak inspira-
tory flow [8].

Theoretically, the pressure support mode has the ad-
vantage over the assist-volume mode in that the patient
retains his/her ability to control the tidal volume and the
inspiratory time. Although this might be true in patients
with a normal respiratory system, in the presence of ab-
normal respiratory system mechanics the patient’s ability
to control these two aspects of breathing is seriously
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compromised [9, 10]. Furthermore, the work of breath-
ing needed to trigger the ventilator may be substantial,
whereas under certain circumstances it may not be ade-
quate to initiate the mechanical breath (ineffective effort)
[11, 12]. This has been observed both with pressure and
flow triggering systems.

Recently, a new microprocessor-controlled positive
pressure ventilatory assist system has been introduced
(BiPAP Vision, Respironics) in the market, which incor-
porates new algorithms to trigger the ventilator and ter-
minate the inspiration during pressure support mode.
With these algorithms, designed to improve patient-ven-
tilator interaction, the flow waveform is mainly used to
trigger and cycle the ventilator (see below). However,
this method of triggering and termination of mechanical
breath has not been tested in mechanically ventilated pa-
tients. The aim of this study was, therefore, to examine
the patient-ventilator interaction during pressure support
ventilation in critically ill patients when they were venti-
lated: 1) by the new system; and 2) by a new generation
ventilator (Evita 4, Drager) which uses the traditional
variables of triggering and inspiration termination. Be-
cause the performance of the ventilator may be affected
by confounding factors related to the patient, an active
lung model was used and the two systems were studied
at controlled levels of dynamic hyperinflation and inspi-
ratory effort.

Methods

Clinical study

Twelve patients admitted to the Intensive Care Unit for manage-
ment of acute respiratory failure were studied. At the time of the
study all patients were hemodynamically stable and ventilated on
pressure support (PS) mode through cuffed endotracheal tubes.
The PS and positive end-expiratory pressure (PEEP) levels were
determined by the primary physician who was not involved in the
study (baseline PS). All patients were lightly sedated with propo-
fol (1.0–1.5 mg·kg·h). The level of sedation was such as to
achieve a score of 3 in Ramsay’s scale [13]. Patients with one of
the following characteristics were excluded: 1) pneumothorax
with active chest tube leaks; 2) chest wall abnormalities (i.e., 
kyphoscoliosis); and 3) overt pleural effusion. The study was ap-
proved by the Hospital Ethics Committee and informed consent
was obtained from the patients or their families.

The patients were studied in semi-recumbent position (>45 de-
grees). In all patients, esophageal pressure (Pes) was measured
with an esophageal balloon positioned at the lower third of the
esophagus and filled with 0.5 ml of air. The proper position of the
balloon was verified using the occlusion test [14]. In random order
the patients were ventilated on PS either with the Evita 4 (Drager,
Germany) or with the BiPAP Vision ventilators. With both types
of ventilators the fractional concentration of O2 (FiO2) and PEEP
were similar and equal to those prescribed by the primary physi-
cian before the study, whereas the rising time of PS was set to
0.1 s. A single tube and an exhalation valve were used to connect
the Vision ventilator to the endotracheal tube, whereas with Evita
4 a commercial ventilator circuit system consisting of a Y-connec-
tor and separate ventilator tubes for inspiration and expiration
were applied. All tubes had similar length and inner diameter.
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With both ventilators a heat and moisture exchange filter was used
(Hygrobac S, Mallinckrodt, resistance 2.8 cmH2O·l·s, dead space
51 ml). With Evita 4 the threshold for triggering and the cycling
criterion were set at 2 l/min and 25% of peak inspiratory flow, re-
spectively. We did not further decrease the threshold for triggering
in order to avoid auto-triggering [15]. With Vision the triggering
of the ventilator occurred either when patient effort generated in-
spiratory flow causing 6 ml of volume to accumulate above base-
line flow (volume method) or when the patient inspiratory effort
distorted the expiratory flow waveform to a certain extent, which-
ever occurred first. The latter method of triggering is based on the
flow waveform and referred to as the shape signal method. This
method is based on the generation of a new flow signal (flow
shape signal) by offsetting the signal from the actual flow by
0.25 l/s and delaying it for a 300-ms period. The intentional delay
causes the flow shape signal to be slightly behind the patient’s
flow rate. As a result, a sudden decrease in expiratory flow due to
inspiratory effort crosses the shape signal and this triggers the
ventilator (Fig. 1). The shape signal method is also used to termi-
nate the inspiration. Relaxation of inspiratory muscles and/or con-

Fig. 1 Flow-time waveform in two patients ventilated with Vision
on pressure support mode. Open arrows: Flow shape signal, gener-
ated by offsetting (0.25 l/s) and delaying (300 ms) the actual flow
(thick line) during inspiration and expiration. Closed arrows: Elec-
tronic signal rising in proportion to actual inspiratory flow (thick
line) in each breath. A: Mechanical breath triggered and terminat-
ed by the shape method. During expiration the actual flow de-
creased abruptly (due to the onset of inspiratory effort), crossed
the flow shape signal and triggered the ventilator. During inspira-
tion the acute decrease of inspiratory flow caused the actual flow
to cross the flow shape signal and terminated the pressure delivery
(cycling off) before the electronic signal equalled the actual flow.
B: Mechanical breath triggered by the volume method and termi-
nated by the spontaneous expiratory threshold. During expiration
the actual flow did not cross the flow shape signal (the actual flow
crossed the shape signal after the triggering). The ventilator was
triggered when 6 ml of volume was inspired. During expiration
the electronic signal equaled the actual flow and terminated the
pressure delivery (cycling off) before the actual flow crossed the
shape signal flow



2. Respiratory muscle effort during the respiratory cycle. This
was quantified using the time integral of respiratory muscle
pressure [19, 20 , 21]. The time integral of positive and nega-
tive Pmus represented the pressure time product (PTP) of in-
spiratory (PTPi) and expiratory (PTPe) muscles, respectively
[21]. PTP of all respiratory muscles (PTPTOT) was calculated
as the sum of PTPi and PTPe. PTPi, PTPe, and PTPTOT were
calculated on a per breath basis. PTP of ineffective efforts (if
present) was also calculated (PTPineffective). PTPTOT per min
was calculated as the product of PTPTOT and ventilator fre-
quency. In patients in whom ineffective efforts were observed
PTPineffective per min was calculated as the product of PTPineffective
and the number of ineffective efforts per min. PTPi was further
analyzed by calculating the inspiratory effort dissipated to trig-
ger the ventilator (PTPtrig). PTPtrig was calculated as the time
integral of Pmus from the beginning of inspiration to the nadir
value of Paw.

The performance of the ventilator was evaluated by: 1) the time
delay between the onset of inspiratory effort to nadir Paw (trigger-
ing delay); 2) the maximal drop of Paw (∆Paw) during the process
of triggering; 3) the area of Paw-time tracing below PEEP
(PTPPaw<PEEP); 4) the area of Paw-time tracing during mechan-
ical inspiration starting from PEEP and ending 0.3 s later
(PTPPaw>PEEP(0.3)); and 5) the area of Paw-time tracing above
PEEP (PTPPaw>PEEP) during mechanical inspiration. PTPPaw<PEEP
was further analyzed by calculating the area below PEEP from ini-
tial drop of Paw to nadir Paw (PTP1).

With Vision calculating the flow shape signal during expiration
and observing that the patient’s flow crossed the flow signal when
the actual flow was still expiratory (Fig. 1) identified the breaths
triggered by the shape method. Although in several breaths the
method of cycling was easily identifiable, as shown in Fig. 1, in
others the two criteria of cycling occurred almost at the same time
making it difficult to recognize with accuracy which algorithm
was used to terminate the breath. For this reason no attempt was
made to characterize the method of cycling in each mechanical
breath.

Lung model study

In order to compare the flow waveform and flow triggering sys-
tems at controlled levels of dynamic hyperinflation and inspiratory
effort, a two-chamber test lung (Michigan Instruments, Grand
Rapids, Mich., USA) was used. One chamber (driving chamber)
was connected to and powered by a ventilator (Puritan-Bennett,
USA) whereas the other (experimental chamber) was connected to
the ventilator being tested (Evita 4 or Vision). Similar to the clini-
cal study, commercial ventilator tubes were used for all connec-
tions. V′, V, and Paw were measured as described in the clinical
study section. The two chambers were connected by a small lifting
bar, such that an increase in the pressure inside the driving cham-
ber applied an external force to the experimental chamber, thus
creating a decrease in intra-chamber pressure and simulating an
inspiratory effort [6]. The elastance (E) and resistance (R) of the
experimental chamber were set at 20 cmH2O/l and 10 cmH2O·l·s,
respectively. E of the driving chamber was set at a lower value
than that of the experimental chamber, causing – after the trigger-
ing of the test ventilator – the experimental chamber to be inflated
with a rate that was higher than that of the driving chamber. This
represents a condition where the patient relaxes his/her muscles
immediately upon triggering. PEEP of 8 cmH2O was applied to
the experimental chamber, whereas the tested ventilator was set to
PS mode with 10 cmH2O above PEEP pressure. These settings
were similar to mean baseline settings used in the clinical study.
The PS rising time was set to 0.1 s. The driving ventilator was ad-
justed to deliver a constant inspiratory flow of 40 l/min or
80 l/min, simulating, respectively, a low and high patient respira-
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traction of expiratory muscles results in an acute decrease in inspi-
ratory flow which may cross the corresponding inspiratory flow
shape signal causing termination of the mechanical inspiration
(Fig. 1). In cases where this acute distortion of inspiratory flow
does not occur, mechanical inspiration is terminated by an elec-
tronic signal that rises in proportion to flow rate on each breath, a
method called spontaneous expiratory threshold. When the elec-
tronic signal and actual patient flow values are equal, the unit cy-
cles to PEEP (Fig. 1).

With each type of ventilator the patients were studied at three
levels of PS (baseline, baseline+5 cmH2O, baseline−5cmH2O) ap-
plied randomly. At each pressure level the patient was ventilated
for 30 min, whereas arterial blood gases were measured at the end
of this period.

At the end of the study the patients were placed on volume-
control mode and ventilated with VT between 0.5 and 0.6 l given
with a square-wave flow-time profile. In addition, the level of se-
dation was increased (propofol 6 mg·kg·h plus fentanyl
2.5 µg·kg·h) so as to achieve a score of 6 in Ramsay’s scale [13].
Thereafter, a neuromuscular blocking agent was administered (at-
racurium 25 mg) to inhibit respiratory muscle activity. The ab-
sence of respiratory muscle activity was based on specific criteria
[16]. When passive ventilation was obtained total respiratory
system, and lung and chest wall mechanics were measured by the
technique of rapid airway occlusion using standard formulas [17].
All the respiratory mechanics data were computed as an average
of three measurements obtained by respective maneuvers satisfy-
ing passive condition [16].

Flow (V′) at the airway opening was measured with a heated
pneumotachograph (Hans-Rudolf 3700, Kan., USA) and a differ-
ential pressure transducer (Micro-Switch 140PC, Honeywell, On-
tario, Canada), placed between the endotracheal tube and the 
Y-piece of the Evita ventilator or the Vision exhalation valve. V′
was electronically integrated to provide volume (V). Airway pres-
sure (Paw; Micro-Switch 140PC, Honeywell) was measured from
a side port between the pneumotachograph and the endotracheal
tube. Pes (Micro-Switch 140PC, Honeywell) was measured from
the esophageal balloon. Each signal was sampled at 150 Hz
(Windaq Instruments, Ohio, USA) and stored on a computer disk
for later analysis.

Data analysis

The beginning of inspiratory effort was defined as the time (zero
time) of a rapid decrease in Pes. Data over the last 2 min of each
30 min period were used. In each breath V′, V, Paw, and Pes were
aligned at zero time. Thereafter, pressure generated by all respira-
tory muscles (Pmus) was calculated from Pes taking into account
the passive elastic and resistive properties of the chest wall mea-
sured at the end of the study. This calculation, which is based on
the Campbell diagram, was described in detail earlier [18, 19, 20].

With this approach Pmus was forced to be zero at zero time.
Neural inspiratory time (TIn) was measured as the interval between
the beginning of inspiration and the point at which Pmus started to
decline rapidly [19, 20]. The intrinsic PEEP (PEEPi) was measured
as the portion of Pmus dissipated to reverse flow from expiratory to
inspiratory. Mechanical inspiratory (TIm) and expiratory (TEm)
time were measured as the interval between the beginning and the
end of inspiratory and expiratory flow, respectively. Ineffective ef-
forts and mechanical breaths triggered without inspiratory effort
(auto-triggering) were identified from the Pes waveform and ex-
pressed as attempts/min and breaths/min, respectively.

We also calculated various indices of respiratory motor output
using the Pmus waveform. These indices were:

1. The rate of rise of Pmus (dp/dt); the difference between peak
Pmus and Pmus at the onset of neural inspiration (which by
definition was zero) divided by the corresponding time.
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tory drive. The frequency of the driving ventilator was adjusted
such that the experimental chamber did not reach the equilibrium
volume at the end of expiration, creating dynamic hyperinflation.
On each level of respiratory drive, two levels of dynamic hyperin-
flation were studied, reflected by the end-expiratory flow (V′end)
which was 0.35 l/s and 0.25 l/s, representing, respectively, high
and low dynamic hyperinflation. These levels of end-expiratory
flow ensured that with Vision all mechanical breaths were trig-
gered by the shape method (Fig. 1). Thus, each ventilator (Evita 4
and Vision) was examined at four experimental conditions: 1) high
drive, high end-expiratory flow; 2) high drive, low end-expiratory
flow; 3) low drive, high end-expiratory flow; 4) low drive, low
end-expiratory flow. The triggering function of Evita 4 was stud-
ied with two triggering flow sensitivities, 1 l/s and 2 l/s.

The simulating effort during the triggering phase was quanti-
tated by calculating the pressure applied on the experimental
chamber by the function of the driving chamber (Pmussim). At
time t from the beginning of experimental chamber inflation, the
total pressure applied (Pmussim+Paw) on the experimental cham-
ber was dissipated to overcome the R and E according to equation
of motion as follows:

and

where V′(t) and V(t) were flow and volume above end-expiratory
chamber volume, respectively, Paw(t) was airway pressure and
PEEPi was chamber pressure at the end of expiration. Because ex-
piration was passive, PEEPi was the driving pressure for expirato-
ry flow at the end of expiration and calculated as follows:

In the above calculations all pressures were referred to PEEP. Sim-
ilar to the clinical study, in each condition the pressure-time prod-
uct of Pmussim during the triggering phase (PTPtrigsim) was calcu-
lated, whereas the triggering performance of the ventilator was as-
sessed by: 1) the triggering delay; 2) ∆Paw; 3) PTPPaw<PEEP; 
and 4) PTP1.

Statistical analysis

Data were analyzed by multi-factorial analysis of variance for re-
peated measurements (ANOVA), followed by Tukey’s test, if the F
value was significant, and non-parametric Mann Whitney U-test
where appropriate. A P<0.05 was considered statistically signifi-
cant. All values are expressed as mean±SE. In the lung model
study the mean±SE for the variables were determined from a total
of ten consecutive respiratory cycles.

Results

A. Clinical study

Patients’ characteristics and baseline ventilator settings
are shown in Table 1. For a given level of PS ventilator
timing, VT and arterial blood gasses did not differ between
ventilators. Independent of ventilator, TIm increased and
ventilator frequency decreased significantly with high PS.
At low PS, minute ventilation was slightly but significant-
ly higher with Vision than that with Evita. At baseline and
high PS, triggering delay was significantly shorter with
Vision than that with Evita (Table 2). Independent of PS,
∆Paw, PTPPaw<PEEP, and PTP1 were significantly lower
with Vision (Table 2). For a given PS, PTPPaw>PEEP(0.3) and
PTPPaw>PEEP did not differ between ventilators.

For a given PS, neural breath timing did not differ be-
tween ventilators (Table 3). With Vision, inspiratory and
total respiratory effort tended to be higher and PTPtrig
lower; the difference, however, was not significant. Inde-
pendent of ventilator TIn and patients’ breathing fre-
quency decreased significantly with high PS. Respiratory
drive and patients’ respiratory effort decreased signifi-
cantly with increasing PS. PEEPi did not differ signifi-
cantly between ventilators as well as a function of PS.

Table 1 Patients’ characteristics, baseline ventilator settings, and
respiratory system mechanics. (Pt patient, F female, M male, PS
pressure support (cmH2O), PEEP positive end-expiratory pressure
(cmH2O), FiO2 fractional concentration of O2, Ers, Ecw elastance

of total respiratory system and chest wall, respectively (cmH2O/l),
Rrs, Rcw resistance of total respiratory system and chest wall, re-
spectively (cmH2O·l·s), CHF congestive heart failure, COPD
chronic obstructive pulmonary disease, MV mechanical ventilation)

Pt. Sex Age PS PEEP FiO2 Ers Ecw Rrs Rcw Days Diagnosis on admission
on MV

1 F 60 15 5 0.35 19.7 6.3 12.3 0.5 3 Aspiration
2 M 75 15 4 0.50 25.2 9.8 12.5 1.8 17 Pneumonia
3 M 67 20 9 0.60 25.4 2.0 16.1 0.7 10 CHF
4 M 57 16 6 0.50 29.2 15.0 13.5 2.0 7 Septic shock
5 M 72 18 8 0.50 17.5 4.5 14.5 0.5 3 Pneumonia
6 M 48 18 8 0.40 16.1 4.2 10.1 2.1 7 Pneumonia
7 M 20 17 6 0.40 18.1 4.0 14.2 1.3 3 Brain injury/pneumonia
8 M 55 16 8 0.40 14.5 4.0 20.6 1.3 7 Pneumonia
9 M 50 15 6 0.50 27.6 4.2 16.1 0.3 2 Fat embolism

10 M 67 19 10 0.40 12.9 3.0 21.9 0.6 4 Acute exacerbation of COPD
11 F 60 25 5 0.40 28.1 12.9 15.7 5.9 7 Acute exacerbation of COPD
12 M 71 17 7 0.50 12.6 8.5 18.2 1.4 11 Aspiration

Mean 58.5 17.6 6.8 0.45 20.6 6.5 15.5 1.6 6.8
±SE 4.3 0.8 0.5 0.02 1.8 1.2 1.0 0.6 1.3
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Table 2 Clinical study: variables of mechanical breath, blood gas-
ses, and ventilator performance at various PS. (VT tidal volume,
TIm mechanical inspiratory time, Frvent ventilator frequency, V′I
minute ventilation, PaCO2, PaO2 partial pressure of arterial CO2
and O2, respectively, V′end end-expiratory flow, ∆Paw drop of air-
way pressure during the triggering phase, PTPPaw<PEEP pressure-

time product of airway pressure below PEEP, PTP1 pressure-time
product of airway pressure from the initial drop of Paw to the na-
dir Paw, PTPPaw>PEEP(0.3) pressure-time product of airway pressure
above PEEP starting from PEEP and ending 0.3 s later,
PTPPaw>PEEP pressure-time product of airway pressure above
PEEP during mechanical inspiration)

PS Evita Vision

Low Baseline High Low Baseline High

VT (l) 0.47±0.04 0.49±0.03 0.63±0.04ab 0.48±0.04 0.51±0.03 0.65±0.03ab

TIm (s) 0.76±0.06 0.77±0.06 1.05±0.14ab 0.78±0.05 0.86±0.05 1.12±0.10ab

Frvent (br/min 28.05±2.2 28.96±2.1 20.69±2.1ab 29.43±2.3 27.70±2.2 20.90±2.3ab

V′I (l/min) 12.4±0.9a 13.9±0.9 12.5±1.1a 13.8±1.3c 13.4±0.9 13.1±1.2
PaCO2 (mmHg) 44.5±3.7 41.9±3.3 41.2±3.4b 44.8±3.6 42.8±3.7 40.8±3.0b

PaO2 (mmHg) 82.1±3.5 79.2±3.3 77.1±3.0 80.2±4.7 78.5±4.1 80.5±3.7
V′end (l/s) 0.14±0.03 0.14±0.03 0.09±0.03 0.20±0.04 0.15±0.04 0.10±0.03
Triggering delay (ms) 158±18 165±26 206±45 130±21 130±22c 159±41c

∆Paw (cmH2O) 2.09±0.24 1.84±0.22 1.42±0.23ab 0.99±0.15c 0.77±0.11c 0.71±0.10c

PTPPaw<PEEP (cmH2O×s) 0.22±0.03 0.17±0.03 0.17±0.04 0.10±0.01c 0.07±0.01c 0.06±0.01c

PTP1 (cmH2O×s) 0.13±0.02 0.11±0.02 0.12±0.03 0.06±0.01c 0.05±0.01c 0.04±0.01c

PTPPaw>PEEP(0.3) (cmH2O×s) 1.04±0.2a 2.25±0.2 3.38±0.2ab 1.19±0.2a 2.29±0.2 3.28±0.1ab

PTPPaw>PEEP (cmH2O×s) 2.23±0.2a 5.42±0.3 12.29±1.4ab 2.79±0.3a 6.47±0.5 13.03±1.5ab

a Significantly different from baseline (ANOVA)
b Significantly different from low PS (ANOVA)
c Significantly different from the corresponding value with Evita (ANOVA)

With Vision, in four patients (nos. 2, 3, 4, and 9) all
mechanical breaths were triggered by the volume meth-
od. The remaining eight patients triggered the ventilator
by the shape method in some breaths during at least one
level of PS. In this group 68.8±16.2%, 75.0±13.1%, and
23.8±13.4% of the mechanical breaths were triggered by
the shape method, respectively with low, baseline, and
high PS. The group that triggered the ventilator only
with the volume method had significantly lower time-
constant of respiratory system (0.54±0.04 s vs
1.00±0.16 s, P<0.05, Mann Whitney U-test). Neither the

performance of the ventilator nor PTPtrig differed signif-
icantly between breaths triggered with the shape and vol-
ume method. Figure 2 shows, in one representative pa-
tient, a mechanical breath and calculated Pmus obtained
with the Vision (triggered and terminated by the shape
method) and Evita ventilators during baseline PS.

Six patients had ineffective efforts during at least one
level of PS (nos. 1, 5, 6, 7, 10, and 12). In this group the
number of ineffective efforts was significantly lower
(ANOVA) with Vision than that with Evita (Fig. 3A).
The PTPineffective/min calculated at high PS (in which the

Table 3 Clinical study: variables of patients’ respiratory timing
and drive. (TIn neural inspiratory time, Frpat patient breathing fre-
quency, dp/dt the rate of rise of Pmus, PEEPi intrinsic positive
end-expiratory pressure (above PEEP), PTPtrig pressure-time
product of Pmus during the triggering phase, PTPTOT pressure-

time product of Pmus developed by inspiratory and expiratory
muscles, PTPi pressure-time product of Pmus developed by inspi-
ratory muscles, PTPTOTmin pressure-time product of Pmus of in-
spiratory and expiratory muscles per min)

PS Evita Vision

Low Baseline High Low Baseline High

TIn (s) 0.63±0.06 0.57±0.05 0.49±0.06b 0.61±0.05 0.56±0.06 0.49±0.05b

Frpat (br/min) 28.08±2.2 29.02±2.1 25.40±2.5ab 29.29±2.3 27.50±2.29 22.55±3.05ab

dp/dt (cmH2O/s) 21.95±3.4 18.17±2.8 12.63±3.0a 24.53±3.7 18.88±3.9 13.58±3.9a

PEEPi (cmH2O) 2.97±0.9 2.33±0.6 1.52±0.3 3.36±0.9 2.42±0.8 1.56±0.4
PTPtrig (cmH2O×s) 0.39±0.11 0.40±0.14 0.31±0.11 0.35±0.13 0.27±0.13 0.20±0.09
PTPTOT (cmH2O×s) 9.52±1.7 7.69±1.2 4.80±1.0ab 11.36±2.3a 7.84±1.7 5.37±1.18ab

PTPi (cmH2O×s) 9.28±1.7 7.19±1.1 3.73±0.9ab 10.96±2.2a 7.38±1.7 4.26±1.3ab

PTPTOTmin (cmH2O×s/min) 243.9±40 211.0±34 112.1±25ab 290.7±48a 191.0±36 108.8±29ab

a Significantly different from baseline (ANOVA)
b Significantly different from low PS (ANOVA)
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majority of ineffective efforts was observed) averaged
12.5±5.8 cmH2O·s·min with Evita and 8.2±7.1
cmH2O·s·min with Vision (n=6, P>0.05, Mann Whitney
U-test). With Vision, four patients exhibited auto-trigger-
ing (nos. 3, 4, 7, and 9). Although in these patients the
time constant of respiratory system was lower than the
group that did not exhibit auto-triggering, the difference
was not significant (0.62±0.07 vs 0.96±0.17 s, P>0.05,
Mann Whitney U-test). From these four patients, only
one (no. 9) had such breaths with Evita. None of the re-
maining patients had auto-triggered breaths with Evita.
The number of breaths with auto-triggering was signifi-
cantly lower (ANOVA) with Evita (Fig. 3B).

Fig. 2 Flow, respiratory mus-
cle pressure (Pmus) and airway
pressure (Paw) as a function of
time in one representative pa-
tient during pressure support
delivered with Vision (A) and
Evita 4 (B). With Vision this
mechanical breath was trig-
gered and terminated by the
shape signal method. The be-
ginning of neural inspiration
was defined as zero time. 
Triggering of the ventilator (ar-
rows) occurred 120 and 200 ms
after the beginning of neural in-
spiration, respectively, with 
Vision and Evita 4. Observe
also that the drop of Paw dur-
ing the triggering phase was
considerably less with Vision
that that with Evita. The better
performance of the shape meth-
od of triggering occurred de-
spite the fact that with Vision
expiratory flow at 0 time was
higher (0.33 vs. 0.24 l/s),
whereas inspiratory effort was
comparable between ventila-
tors. Dotted line: flow shape
signal. Long dashed line: elec-
tronic signal rising in propor-
tion to actual inspiratory flow

Fig. 3 Ineffective efforts and auto-triggering with Evita 4 (x axis)
and with Vision (y axis) in patients in whom the above phenomena
were observed during at least one level of PS. Low, baseline and
high PS are represented by closed circles, open circles and closed
triangles, respectively. Ineffective efforts and auto-triggering were
mainly observed with high PS. The patient that exhibited the high-
er number of ineffective efforts (patient no. 10, severe COPD) had
also the longer time constant and a significant increase in tidal
volume with high PS. In this patient ventilator frequency at high
PS was 11.2 breaths/min with Evita and 10.9 breaths/min with Vi-
sion. The higher number of auto-triggering was observed in pa-
tient no. 7 who decreased considerably his breathing frequency to
less than 5 breaths/min at high PS
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cantly lower with the shape method of triggering than
those with the flow triggering (Table 4).

Discussion

The most important findings of this study can be summa-
rized as follows: 1) the flow waveform method of venti-
lator triggering (shape or volume method) was more sen-
sitive to patient effort than the flow triggering, resulting
in less ineffective efforts but a greater number of auto-
triggerings; 2) termination of pressure support using the
waveform method (shape or spontaneous expiratory
threshold method) resulted in mechanical breaths with
similar characteristics to those which used the traditional
25% of peak flow cycling criterion; and 3) the flow
waveform method of triggering (shape method) reduced

Lung model study

Variables obtained with flow triggering of 2 l/min did not
differ significantly from those of 1 l/min. Thus, for clarity
of presentation, only the comparison between the flow
triggering of 1 l/min (the most sensitive) and the shape
method was shown. In all experimental conditions,
Pmussim as a function of time is shown in Fig. 4. For a
given inspiratory flow of the driving ventilator Pmussim
waveform did not differ significantly between the two
ventilators. Therefore, both ventilators were triggered by a
similar simulating respiratory effort. The simulated respi-
ratory drive was approximately twofold to tenfold higher
that that observed in patients, placing the tested ventilator
in more demanding conditions than in the clinical study.

For a given experimental condition triggering delay,
PTPPaw<PEEP, ∆Paw, PTP1, and PTPtrigsim were signifi-

Fig. 4 Lung model study: Sim-
ulated respiratory muscle pres-
sure (Pmussim) during the trig-
gering phase of Vision and 
Evita 4 ventilators. Solid lines:
Evita 4. Dashed lines: Vision

Table 4 Lung model study: ventilator performance and simulated
patient effort during the triggering phase. (HF/HD high end-expi-
ratory flow, high respiratory drive, HF/LD high end-expiratory
flow, low respiratory drive, LF/HD low end-expiratory flow, high

respiratory drive, LF/LD low end-expiratory flow, low respiratory
drive, PTPtrigsim pressure-time product of simulated muscle pres-
sure during the triggering phase)

Evita (1 l/min) Vision

HF/LD HF/HD LF/LD LF/HD HF/LD HF/HD LF/LD LF/HD

Triggering delay (ms) 102±3 89±3b 86±3 88±6 88±3a 68±3ab 62±2a 59±1a

∆Paw (cmH2O) 3.16±0.03 3.80±0.04b 2.28±0.05 3.50±0.04b 1.47±0.04a 2.43±0.05ab 1.27±0.02a 2.45±0.03ab

PTPPaw<PEEP (cmH2O×s) 0.24±0.002 0.30±0.009b 0.16±0.003 0.28±0.004b 0.11±0.003a 0.13±0.003ab 0.08±0.002a 0.12±0.003ab

PTP1 (cmH2O×s) 0.15±0.007 0.18±0.006b 0.09±0.004 0.15±0.005b 0.07±0.003a 0.07±0.005a 0.05±0.002a 0.07±0.003a

PTPtrigsim (cmH2O×s) 0.31±0.02 0.35±0.01 0.20±0.01 0.27±0.01b 0.17±0.01a 0.18±0.01a 0.12±0.01a 0.17±0.01ab

a Significantly different from the corresponding value with Evita (ANOVA)
b Significantly different from low drive (LD) (ANOVA)



drop airway pressure and trigger delay during simulated
demand compared to flow triggering.

In our study we measured Pes and calculated the pres-
sure developed by all respiratory muscles (Pmus) using
the Campbell diagram. We believe that the uncertainties
associated with our approach are more acceptable than
the uncertainties associated with recording respiratory
muscle activity using electromyography for reasons that
have been reviewed previously [18, 19, 20, 22]. Further-
more, we did not measure transdiaphragmatic pressure
because the purpose of the study was to examine the re-
sponse of the ventilator to changing total respiratory
muscle activity. Under this circumstance, Pmus wave-
form is a better reflection of respiratory muscle activity
than transdiaphragmatic pressure [18].

In the Pmus calculation, we assumed that all of the
decrease in Pes before inspiratory flow onset was attrib-
uted to the inspiratory muscle activity needed to over-
come the threshold load imposed by dynamic hyperinfla-
tion [21, 23]. This assumption, however, may not be val-
id in patients with expiratory muscle activity in whom
the decrease in Pes might be due, to some extent, to re-
laxation of expiratory muscle [24]. Thus, PEEPi reflect-
ed inspiratory muscle activity or expirator muscle relax-
ation. We believe that this uncertainty in Pmus calcula-
tion should not affect the results of this study. Relaxation
of expiratory muscles decreases the alveolar pressure,
thus contributing to the triggering process. In some cases
where contraction of expiratory muscles decreases the
lung volume below the functional residual capacity (de-
termined by PEEP), relaxation of expiratory muscles
may, by decreasing the alveolar pressure below PEEP,
trigger the ventilator without the contribution of inspira-
tory muscles. One of the main purposes of the study was
to examine the triggering performance of the ventilator
during acute decreases in alveolar pressure brought
about either by the contraction of inspiratory or by relax-
ation of expiratory muscles.

Our study showed that for a given PS arterial blood
gasses did not differ between ventilators. However, at
low levels of PS, minute ventilation was significantly
higher with Vision than that observed with Evita, indi-
cating that the efficiency of CO2 removal differed be-
tween ventilators. This can be explained by the different
systems used to connect each ventilator to the patient.
The Vision ventilator uses a single line to connect the
patient, whereas the exhaled CO2 is removed through an
exhalation valve. It has been shown that such a system is
vulnerable to CO2 re-breathing, particularly at low tidal
volume [25]. Thus, we believe that with Vision, due to
the operation characteristics of the exhalation valve, the
functional dead space – particularly at low PS – most
likely increased.

Our study clearly demonstrated that patient-ventilator
interaction differed considerably between the two trig-
gering systems tested. The number of ineffective efforts

was significantly lower when the patients were ventilat-
ed with the new system. The occurrence of ineffective
efforts depends on the magnitude of dynamic hyperinfla-
tion, the strength of patient’s inspiratory effort, and the
sensitivity of the triggering system [23]. For a given PS
in patients in whom ineffective efforts were observed,
the tidal volume – a major determinant of dynamic hy-
perinflation [23] – did not differ between Vision and
Evita ventilators. Furthermore, mechanical expiratory
time, end-expiratory flow, PEEPi, and expiratory mus-
cles effort were similar. It follows that the magnitude of
dynamic hyperinflation most likely was also similar. Fi-
nally, respiratory drive as indicated by dp/dt did not dif-
fer between ventilators, suggesting a comparable
strength of the patient’s effort. Although the level of se-
dation could exaggerate the phenomenon of ineffective
efforts, the similar respiratory drive between ventilators
excludes the unlikely possibility that alteration in the
level of sedation could be the underlining mechanism of
the observed difference. Thus, it is reasonable to con-
clude that the method of the triggering system was the
main factor that underlined the difference in the number
of ineffective efforts observed between ventilators. In-
deed, the triggering system of the Vision ventilator was
more sensitive to patient effort than that of Evita; the
triggering delay was shorter whereas the Paw decrease
and the area below PEEP were lower than those ob-
served with flow triggering.

Although the performance during the triggering phase
was better with the Vision triggering system, this was
not associated with reduced patient’s effort dissipated to
trigger the ventilator. However, the inspiratory effort
during the triggering phase depends not only on the trig-
gering function of the ventilator but also on the end-ex-
piratory flow and respiratory drive [2, 3]. These con-
founding factors may obscure any significant effect of
the triggering system on the patient’s effort. The situa-
tion is further complicated by the different systems used
by the two ventilators to remove CO2, which, as already
stated, may influence the respiratory drive [5, 19]. In-
deed, we observed that, compared to Evita, with Vision
the total inspiratory effort and inspiratory effort needed
to trigger the ventilator (PTPtrig) changed to the oppo-
site direction. For this reason we carried out the active
lung model study and examined the effect of the shape
method of triggering both on the performance of the ven-
tilator and on patient’s simulated effort during the trig-
gering phase at controlled levels of dynamic hyperinfla-
tion (controlled end-expiratory flow) and respiratory
drive. The results of the lung model study clearly
showed that, compared to flow triggering, at controlled
levels of dynamic hyperinflation and respiratory drive,
the shape method of triggering was associated with ap-
proximately 50% less inspiratory effort needed to trigger
the ventilator. This was due exclusively to the triggering
delay, which was shorter with the shape method, the dif-
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ference ranging between 14 ms and 29 ms in various
conditions studied. The shorter triggering delay caused
an approximately 50% decrease in the airway pressure
drop and the area of airway pressure below PEEP (an in-
dex of negative work).

It has been shown that during PS the performance of
Evita 4 is comparable to all the new generation ventila-
tors tested [26, 27]. Thus, although the flow waveform
method of triggering was compared to flow triggering
system of Evita 4 ventilator, the results of the current
study should also apply to other ventilators, which use
the flow triggering method.

The shape method of triggering may not be activated
in patients with severe airway obstruction and dynamic
hyperinflation. In these patients, due to high expiratory
resistance which is usually associated with flow limita-
tion, expiratory flow after an initial peak [28] may drop
to relatively low values (less than 0.25 l/s); in which case
the flow shape signal has a positive value throughout the
remaining expiration and thus the crossing point occurs
when the actual flow has an inspiratory direction. This
results in inspired volume and thus the volume criterion
of triggering which is very sensitive (6 ml) occurs first.
Indeed, we have observed several such breaths. It should
be possible, however, to activate the shape method of
triggering in these patients by decreasing the amount of
flow offset. It follows that a system with variable flow
offset might solve this problem.

The greater sensitivity of the Vision triggering system
resulted in a significantly greater number of auto-trig-
gered breaths. Auto-triggering is a well-known phenom-
enon inherent to all currently used triggering methods
[15, 29]. It has been shown that auto-triggering is associ-
ated with low inspiratory drive and breathing frequency,
and relatively high stroke volume [15]. In our study, all
breaths with auto-triggering were observed with relative-
ly low breathing frequency and absence of dynamic hy-
perinflation as indicated by the occurrence of zero flow
for some time before the beginning of inspiratory effort.
The maintenance of zero flow at the end of expiration
made the system vulnerable to auto-triggering because of
cardiac oscillation, which distorts the airway pressure.
With Vision, all auto-triggered breaths occurred only
with the volume method of triggering (6 ml of inspired
volume). The shape method of triggering requires a rela-
tively large decrease in expiratory flow, which cannot be
produced by Paw changes due to random noise or cardi-
ac oscillations. On the other hand, with the volume
method, the amount of volume needed to trigger the ven-
tilator is such that may be generated relatively easily by
small amplitudes of airway pressure as a result of cardiac
oscillations or random noise. With Evita, setting the trig-
gering sensitivity to 2 l/min (or even to 1 l/min) necessi-
tates a much larger amplitude of airway pressure to trig-
ger the breath. Auto-triggering counterbalances the ad-
vantages of pressure support ventilation in terms of pa-
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tient ventilator interaction and may lead to respiratory al-
kalosis, an important cause of weaning failure and vari-
ous arrhythmias [9]. Nevertheless, with Vision, the prob-
lem of auto-triggering should be easily corrected by sim-
ply increasing the volume threshold or by incorporating
a flow triggering (with variable flow) in the system. It
seems that the triggering system of Vision as it stands
may not be suitable to ventilate patients (invasively or
non-invasively) with low breathing frequency and respi-
ratory drive and without dynamic hyperinflation.

Expiratory asynchrony is commonly observed during
pressure support ventilation [21, 30]. Flow cycling, the pri-
mary method for ventilators to terminate the pressure sup-
port, may cause either premature or delayed termination of
flow, depending on several factors such as the PS level, the
flow cycling criterion, respiratory system mechanics, and
characteristics of muscle pressure [21, 30]. To minimize
the expiratory asynchrony, the new system uses the shape
or spontaneous expiratory threshold method to terminate
the flow delivery. However, this system of cycling does not
seem to offer any significant advantage over the traditional
one of flow cycling. For a given PS the mechanical inspi-
ratory time and the area above PEEP during inspiration did
not differ between ventilators. Furthermore neural inspira-
tory time and expiratory muscle effort were also similar
between the two systems indicating that the magnitude of
expiratory asynchrony was comparable.

The modest decrease in patient effort needed to trig-
ger the ventilator observed with the flow waveform
method of triggering is unlikely to be of clinical signifi-
cance. On the other hand the flow waveform method of
triggering by decreasing the likelihood of ineffective ef-
forts may promote patient-ventilatory synchrony with
beneficial consequences in the overall patient manage-
ment [9]. In addition, considering that ineffective efforts
during mechanical expiration may be viewed as pliomet-
ric contraction (inspiratory muscles contract whereas at
the same time lengthen due to continuing decrease in
lung volume) the new mode of triggering may be advan-
tageous for inspiratory muscles function. Indeed, recent
data have shown that pliometric contraction induces ul-
trastructural damage to muscle fibers that causes a force
deficit [31, 32]. It follows that the process of ineffective
triggering during mechanical expiration may cause inju-
ry to inspiratory muscles and be a potentially cause of
inspiratory muscle weakness and weaning failure. Nev-
ertheless, there is no study in mechanically ventilated pa-
tients addressing this important but largely ignored issue.

In conclusion our study showed that compared to tra-
ditional method of flow triggering the flow waveform
method of triggering improved the ventilator perfor-
mance, decreased the patient effort needed to trigger the
ventilator and reduced the number of ineffective efforts.
However, this system as it stands is highly unstable un-
der certain circumstances and this may have serious con-
sequences for patient-ventilator interaction.
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