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BACKGROUND: During recent years, ventilators using turbines as flow-generating systems have
become increasingly more relevant. This bench study was designed to compare triggering and pressur-
ization of 7 turbine mid-level ICU ventilators. METHODS: We used a dual-chamber lung model to test
7 mid-level ICU ventilators in pressure support mode with levels of 10, 15, and 20 cm H2O with 2 PEEP
levels of 5 cm H2O and the minimum level allowed by the ventilator. A ventilator was connected to the
master chamber to simulate 2 different effort levels. Pressure drop, trigger delay time, time to minimum
pressure, and pressure time products (PTP) during trigger and the first 300 and 500 ms were analyzed.
RESULTS: In the trigger evaluation, the Savina had the highest delay time, whereas the C2, the V60,
and the Trilogy had the lowest pressure drops and PTP values in both effort levels. In pressurization
capacity assessment using ideal PTP300 and PTP500 percentages, the C2 and the V680 had the best
results, and the Carina and the Savina had lower values, with no differences between both effort levels.
Differences between PEEP levels did not seem to be relevant. CONCLUSIONS: Pressure support mode
for tested ventilators worked properly, but pressurization capacity and trigger function performance
were clearly superior in the newest machines. The use of PEEP did not modify the results. Key words:
ventilators; mechanical ventilation; critical care; models; equipment design; bench study. [Respir Care
2017;62(1):34–41. © 2017 Daedalus Enterprises]

Introduction

In recent years, several new mid-level critical care venti-
lators have been launched in the marketplace. Some of them
include new technologies to help improve adaptation to the
different ventilatory situations, mainly in terms of synchro-
nism and pressurization capacity. Both aspects have been
proved essential to optimize the patient’s work of breath-
ing.1-6

Mechanical ventilators feature different systems for in-
spiratory flow generation (pneumatic bellows and pistons,

solenoid valves, and scissor valves), but there is currently
a trend toward installing turbines, which are rotors that
proportionally accelerate flow at high speed.7 At end ex-
piration, turbines are still in movement and a constant flow
is generated, creating a low level of PEEP/CPAP, which
usually is the lowest preset value.8

Several bench studies using physical lung models have
been published, and they have proved useful for highlight-
ing technical differences. These differences are probably
the cause of the heterogeneous clinical performance of
ventilators observed in practice.9-12 With this methodol-
ogy, several different generation ventilators have been com-
pared. These comparisons have shown that ventilator de-
signs throughout the last 20 years have significantly
improved, in terms of synchronization and pressurization.13

Pressure support is the default mode generally used to
assess performance, because its use is widespread and it
has been proven to benefit patient synchronization.14-16

When using this methodology for comparing ventilators
designed with either turbines or pneumatic compression
valves, older turbine-based ventilators perform slightly less
well than the most recent compressed-gas ventilators; how-
ever, the newer machines have closer levels of perfor-
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mance, with turbine-based ventilators providing slightly
better trigger function and pressurization capacities.17

When comparing ventilators with the same flow gener-
ation technology, even though similar behaviors would be
expected, there are noticeable differences in clinical prac-
tice, and they can be quite significant, especially when
they impact adaptation to patients’ needs. Several bench
studies have compared some ventilators designed for dis-
parate purposes, lacking turbine technology, and they have
demonstrated that the newest ones tend to perform bet-
ter.18,19 However, there are no comparative studies using
the most recent turbine ventilators in the critical care en-
vironment.

The purpose of this study was to analyze the perfor-
mance of 7 mid-level ICU turbine ventilators currently
available, comparing them to show the differences in their
performance using pressure support ventilation (PSV)
mode, with a strict and systematic bench protocol using a
physical lung model.

Methods

The turbine ventilators selected were C2 (Hamilton,
Bonaduz, Switzerland), Vela (CareFusion, San Diego, Cal-
ifornia), Savina (Dräger, Lubeck, Germany), Carina
(Dräger), V60 (Respironics, Philips, Carlsbad, California),
Trilogy (Respironics), and V680 (Respironics). Differen-
tial characteristics of all of them are summarized in Table
1. Experiments were run using the default circuit provided
by the manufacturer with the ventilator in each case.

Physical Lung Model

Analysis was carried out using a physical bi-compart-
mental validated lung model (Dual Adult PneuView 5600i,
Michigan Instruments, Grand Rapids, Michigan), previ-
ously used in several similar bench studies.8,14-20 The model
consists of 2 separate chambers, connected by a rigid metal
bar. One of the chambers was connected to an ICU ven-
tilator functioning as a primary lung (Evita 4, Dräger,
Lubeck, Germany), so that positive pressure insufflated in
the first chamber would produce a negative pressure in the
second chamber, “patient chamber” or secondary lung,
which is detected as an inspiratory effort by the tested
ventilator, which is connected to the secondary lung. Vol-
ume control mode was set in the master ventilator. Changes
in the master ventilator were performed to modify effort’s
magnitude and duration.

Compliance and resistance of each chamber were sep-
arately adjusted. Compliance was set using the mechanism
featured by the lung model itself, by sliding a strain spring
by the aid of a precision adjustment scale. A specifically
designed calibrated linear resistance was used, rather than
the default fixed orifice resistances provided with the lung

model; thus, any other resistive elements such as endotra-
cheal tubes were avoided in the simulation. During all
tests, compliance and resistance in the primary and the
secondary ventilator were adjusted with normal values of
compliance of the respiratory system � 50 mL/cm H2O
and resistance � 5 cm H2O/L/s.

All tested ventilators were configured in PSV mode
with 10, 15, and 20 cm H2O. PEEP value was adjusted to
the minimum allowed by the machine (zero PEEP) and
5 cm H2O. Trigger sensitivity was adjusted to the highest
sensitivity allowed by the ventilator without creating auto-
triggering. Pressurization slope was adjusted to the steep-
est allowed.

The primary ventilator was configured to simulate 2
inspiratory effort levels: high and low. The intensity of the
effort was quantified using the pressure drop in 0.1 s dur-
ing an occlusion maneuver (P0.1) created at the exit of the
secondary lung chamber. A 12-cycle per min breathing
frequency was used, as well as a 1-s inspiratory time, and
2 constant inspiratory flow levels: 0.24 L/s and 0.44 L/s, to
obtain P0.1 values of 2 cm H2O (low effort) and 4 cm H2O
(high effort).

Measuring System

Flow measurements were obtained with a Fleish No.2
pneumotachograph, inserted in between the secondary lung
and the tested ventilator. A differential pressure transducer
was used (Validyne MP45, �2.5 cm H2O, Northridge,
California), and the signal was integrated to obtain vol-
ume. Airway pressure was measured in the distal extreme

QUICK LOOK

Current knowledge

New flow-generating systems for mid-level ICU ven-
tilators, such as turbines, have been introduced. Bench
studies have shown different performances in pressur-
ization and trigger capacities among ventilators using
other technologies, but turbine ventilators have not been
compared so far.

What this paper contributes to our knowledge

Using a physical lung model, currently available tur-
bine mid-level ICU ventilators worked properly. How-
ever, under our experimental conditions, the newest
machines clearly had the best results: the C2, the V680,
and the Trilogy (AC) had higher pressurization capac-
ity, and the C2, the V60, and the Trilogy (AC) had
better trigger performance. The use of PEEP did not
affect these features in the tested ventilators.
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of the circuit (Validyne MP45, �80 cm H2O). The pneu-
motachograph was calibrated by measuring the volume de-
rived from the flow signal using a 1-L standard syringe (Har-
vard Apparatus, Holliston, Massachusetts). Pressure
transducers were calibrated to 20 cm H2O using a water
manometer (HG15, General Tools, Secaucus, New Jersey).

Signals were obtained in real time with an analog-
digital converter (MP100; Biopac Systems, Goleta, Cali-
fornia), using a 200-Hz sampling frequency, and they were
stored in a laptop for revision with specific software
(AcqKnowledge software, Biopac Systems). Signal regis-
tration was performed for every configuration after reach-
ing a steady state in the system for 60 s.

Measurements

Triggering. To evaluate trigger quality, flow sensitivity
was adjusted to the lowest level allowed by every venti-
lator, or 0.5 L/min by default. The following parameters
were measured:

• Airway Pressure Drop: Represents the maximum pres-
sure drop in the airway, measured from the baseline,
in cm H2O. Pressure drop reflects the amount of inspira-
tory effort required to trigger a new cycle in pressure
support ventilation mode; the lower its value, the less
work is required.

• Time to Pressure Minimum: Represents the time since
the beginning of the inspiratory effort (identified as the
point where flow steeply increases and pressure drops)
until the moment of reaching the lowest airway pressure,
measured in ms. This value represents the ventilator
response time; the shorter it is, the faster this response is.

• Trigger Delay Time: Represents the time since the be-
ginning of the inspiratory effort until the beginning of
inspiratory flow, which is the moment when pressure
reaches PEEP value again. It represents the effective
triggering time, since supportive pressure is only effec-
tive from that moment on.

• Pressure Time Product (PTP): Represents the area under
the pressure curve from the beginning of inspiration until
airway pressure reaches PEEP value again. It represents the
effort needed until the assistance is effective; therefore, the
lower it is, the lower the effort needed from the patient.

Pressurization capacity. The following parameters were
measured:

• Ideal PTP300 percentage (iPTP300%): PTP300 is the
area under the pressure curve during the first 300ms of
a cycle. iPTP300% is the fraction represented by the
actual PTP300 value out of the ideal area for PTP300.
The use of percentages gives a better image of its sig-T

ab
le

1.
D

if
fe

re
nt

ia
l

C
ha

ra
ct

er
is

tic
s

in
th

e
M

ai
n

Fe
at

ur
es

of
St

ud
ie

d
T

ur
bi

ne
V

en
til

at
or

s.
Pr

es
su

re
Su

pp
or

t
V

en
til

at
io

n
M

od
e

Is
C

on
si

de
re

d

V
en

til
at

or
,

M
an

uf
ac

tu
re

r
C

ir
cu

it
In

sp
ir

at
or

y
T

ri
gg

er
M

in
im

um
PE

E
P

Pr
es

su
ri

za
tio

n
Ph

as
e

I:
E

C
yc

lin
g

C
ri

te
ri

a

C
2,

H
am

ilt
on

D
ou

bl
e

br
an

ch
co

ax
ia

l
Fl

ow
:

1–
20

L
/m

in
0

0
to

2,
00

0
m

s
sl

op
e

5–
80

%
in

sp
ir

at
or

y
pe

ak
fl

ow
V

el
a,

C
ar

eF
us

io
n

D
ou

bl
e

br
an

ch
Fl

ow
:

1–
20

L
/m

in
0

M
ax

im
um

fl
ow

10
–1

40
L

/m
in

5–
70

%
in

sp
ir

at
or

y
pe

ak
fl

ow
Sa

vi
na

,
D

rä
ge

r
D

ou
bl

e
br

an
ch

Fl
ow

:
1–

20
L

/m
in

0
Fl

ow
ac

ce
le

ra
tio

n
5–

20
0

m
ba

r/
s

5–
75

%
in

sp
ir

at
or

y
pe

ak
fl

ow

C
ar

in
a,

D
rä

ge
r

Si
m

pl
e

w
ith

le
ak

va
lv

e
Fl

ow
:

no
rm

al
or

se
ns

iti
ve

3
(w

ith
le

ak
va

lv
e)

A
ut

om
at

ic
,

0.
1–

2.
0

s
Fi

xe
d

V
60

,
Ph

ili
ps

Si
m

pl
e,

A
ut

o-
T

ra
k

sy
st

em
A

ut
oa

da
pt

at
iv

e
(A

ut
o-

T
ra

k)
4

A
dj

us
ta

bl
e,

1–
5

(r
el

at
iv

e
sc

al
e)

A
ut

oa
da

pt
at

iv
e

(A
ut

o-
T

ra
k)

T
ri

lo
gy

20
2

A
C

,
Ph

ili
ps

Si
m

pl
e,

ac
tiv

e
ex

ha
la

tio
n

va
lv

e
Fl

ow
:

1–
9

L
/m

in
0

A
dj

us
ta

bl
e,

1–
6

(r
el

at
iv

e
sc

al
e)

10
–9

0%
in

sp
ir

at
or

y
pe

ak
fl

ow

T
ri

lo
gy

20
2

PC
,

Ph
ili

ps
Si

m
pl

e,
pa

ss
iv

e
ex

ha
la

tio
n

po
rt

A
ut

oa
da

pt
at

iv
e

(A
ut

o-
T

ra
k)

4
A

dj
us

ta
bl

e,
1–

6
(r

el
at

iv
e

sc
al

e)
A

ut
oa

da
pt

at
iv

e
(A

ut
o-

T
ra

k)

V
68

0,
Ph

ili
ps

D
ou

bl
e

br
an

ch
A

ut
oa

da
pt

at
iv

e
(A

ut
o-

T
ra

k)
4

A
dj

us
ta

bl
e,

1–
5

(r
el

at
iv

e
sc

al
e)

A
ut

oa
da

pt
at

iv
e

(A
ut

o-
T

ra
k)

A
C

�
ac

tiv
e

ci
rc

ui
t,

PC
�

pa
ss

iv
e

ci
rc

ui
t,

I:
E

�
in

sp
ir

at
or

y
ef

fo
rt

PERFORMANCE OF TURBINE CRITICAL CARE VENTILATORS

36 RESPIRATORY CARE • JANUARY 2017 VOL 62 NO 1



nificance and has been previously used in similar stud-
ies.20

• Ideal PTP500 percentage (iPTP500%): Same concept as
iPTP300% but calculated during the first 500 ms in-
stead.

A theoretical representation of the measurements in a
model cycle can be found in Figure 1.

Processing and Statistics

To analyze every cycle individually, a specifically
designed script for the MATLAB system (Mathworks,
Natick, Massachusetts) was used. Results obtained for
every parameter are expressed as means and interquar-
tile ranges of the values extracted from 5 cycles for
every configuration.

Statistical analysis was performed using SPSS20.0
(SPSS, Chicago, Illinois) and Microsoft Excel (Microsoft,
Redmond, Washington). All results are expressed as
mean � SD or median with 95% CI, depending on the
normal or non-normal distribution of the variables. Com-
parative statistics were done using the Kruskal-Wallis test
for variance analysis. Post hoc analysis was performed
with the Dunn test. Statistical significance was adjusted to
a P value �.05, and differences � 10% were considered
relevant.

Results

Ninety-six different conditions were tested. No failures
in trigger or premature cycles were experienced with any
of the ventilators.

Trigger Evaluation

Pressure drop, time to pressure drop, trigger delay time,
and PTP measurements in all experimental conditions are
shown in Figures 2 and 3.

Pressure drop and PTP were significantly lower in the
C2, the Trilogy (using active circuit), and the V60, which
are among the newest ventilators. PTP and time to pres-
sure drop found in the tests with the Savina were signifi-
cantly higher compared with those in the rest of the ven-
tilators (Figs. 2 and 3).

In general, no differences were found in the compari-
sons between minimum PEEP and a PEEP of 5 cm H2O.
We only found a significantly higher pressure drop with a
PEEP of 5 cm H2O with the Vela ventilator with the higher
effort condition (P0.1 of 4 cm H2O). Also with the same
effort and PEEP conditions, significantly lower values of
pressure drop were found with the V680, the Trilogy (with
active circuit), and the V60 (Figs. 2 and 3).

Pressurization Capacity Evaluation

iPTP300% and iPTP500% measurements in all experi-
mental conditions are shown in Figures 4 and 5. iPTP300%
and iPTP500% were significantly higher in the C2 and the
V680 compared with the other ventilators, for both levels
of effort. Conversely, the Carina and the Savina had sig-
nificantly lower iPTP300% and iPTP500% values com-
pared with the other ventilators, also for both levels of
effort (Figs. 4 and 5). Significant differences were only
found in iPTP300% and iPTP500% with different levels of
PEEP for the V680, with both P0.1 levels (Figs. 4 and 5).

Discussion

To our knowledge, this is the first study where the per-
formances of the currently available mid-level ICU turbine
ventilators have been assessed during PSV applying a strict
bench protocol with a physical lung model. Major findings
can be summarized as follows: (1) pressure support mode
for all 7 tested ventilators works properly; (2) trigger func-
tion performance is clearly superior in the newest venti-
lators, while some of the oldest ones have poorer results;
(3) performance in terms of pressurization capacity is higher
in the devices with the newest turbines, compared with
older ventilators; (4) PEEP does not seem to affect trigger
and pressurization capacity, even though some differences
can be observed in some machines, with doubtful signif-
icance.

In this study, trigger delays were observed close to 100
ms in the newest ventilators (the C2, the V680, the Tril-
ogy, the V60, and the Vela), whereas in some of the older
ones trigger delays were close to 200 ms (the Carina and
the Savina), with either high or low effort. Trigger delay
time and time to pressure minimum had concordant re-
sults. Effort level did affect trigger PTP and pressure drop
in all the machines, in accordance with findings in similar
studies.9

Fig. 1. Measurements performed in every cycle. PD � pressure
drop, TPM � time to pressure minimum, TDT � trigger delay time,
PTP � pressure time product during trigger, PTP 300 � PTP dur-
ing the first 300 ms, PTP500: PTP during the first 500 ms.
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We found significantly higher values for trigger delay
time in the Savina ventilator compared with findings in a
similar study by Thille et al featuring this machine,17 but
other ventilators included in this study had concordant
results. This last study used different P0.1 levels, and re-
sults were expressed as means of 4 different effort inten-
sities overall.

Our results are in line with those found in similar stud-
ies by Tassaux et al9 and Battisti et al,10 where pressure
drop and PTP were also evaluated, even though different
ventilators were tested. In contrast to our results, inspira-
tory work load required to trigger ventilation represented
by PTP and secondarily by pressure drop is higher overall.
These differences can probably be explained first because

Fig. 2. Trigger evaluation results, evaluated with pressure drop (A), time to pressure minimum (B), trigger delay time (C), and pressure-time
product (PTP) (D) with a low inspiratory effort level (P0.1 2 cm H2O) with minimum allowed PEEP value according to each machine (0 cm
H2O) and 5 cm H2O (5) for 3 levels of pressure support (PS) ventilation of 10, 15, and 20 cm H2O. * P � .05 between ventilators.

Fig. 3. Trigger evaluation results, evaluated with parameters pressure drop, time to pressure minimum, trigger delay time, and PTP (pressure time
product) with a high inspiratory effort level (P0.1 4 cm H2O) with minimum allowed PEEP value according to each machine (0 cm H2O) and 5 cm
H2O (5) for 3 levels of pressure support (PS) ventilation of 10, 15, and 20 cm H2O. * Significant differences comparing ventilators (P � .05).
† Significant differences comparing minimum PEEP and PEEP 5 cm H2O (P � .05).
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different machines were tested in these 2 studies. Second,
P0.1 parameter was not used to set up the inspiratory effort;
the amount of pressure set in the master ventilator to mimic
inspiratory effort was used instead. In fact, another study
by Jaber et al,18 using P0.1 parameter did show PTP values
similar to our findings, even though different ventilators
were tested as well.

The lowest PTP values were obtained with the most
modern ventilators, especially the C2, the V60, and the
Trilogy (AC). In agreement with previous data, the oldest
ventilators obtained the highest values (the Carina and the
Savina).

In the assessment of pressurization capacity using
iPTP300% and iPTP500%, data indicate that the newest tur-
bines (the C2, the V680, and the Trilogy AC) have a better
pressurization capacity, as shown in our results (Figs. 4 and
5), compared with the older ones (the Carina and the Savina),
independently of the ideal PTP analyzed. Testing 2 different
levels of effort did not affect these differences. Our results are
in agreement with results from the only study we could find
that tested a turbine machine included in our protocol; this
study was by Vignaux et al,20 where a very similar iPTP500%
was found for the Vela ventilator.

Only the Carina and the Savina did not reach a 25%
iPTP300%, whereas the C2, the V680, and the Trilogy AC
had the highest values. In the case of iPTP500%, only the
C2 and the V680 reached a 60% value, and again, the
Carina and the Savina had the lowest values.

This study was performed using a physical lung model
instead of real patients, which is a clear limitation, since
performance in humans is not comparable to the results
obtained through physical simulation. However, this
methodology allows standardization and reproducibility
of the mechanical conditions under which experiments
are performed, which allows testing of all the ventila-
tors under very similar circumstances, which is highly
advantageous.

Our dual chamber lung model (Dual Adult PnewView
5600i, Michigan Instruments, Grand Rapids, Michigan)
was used in most of the studies we reviewed,9,10,13,17,18,20

as well as data acquisition settings. Among these studies,
a master ventilator was set in volume control mode in only
one.18 In the other research, pressure control mode was
used to mimic patient’s effort, as in the report by Thille
et al.17 In this study, the aforementioned longer trigger
delay times in the Savina ventilator in comparison with

Fig. 4. Pressurization capacity results, assessed with parameters ideal PTP300% and ideal PTP500% with a low inspiration effort level
(P0.1 2 cm H2O) with minimum PEEP value allowed by each ventilator (0 cm H2O) and 5 cm H2O (5) for 3 levels of pressure support (PS)
ventilation of 10, 15, and 20 cm H2O. ‡ Ventilators with significantly higher values (P � .05). § Ventilators with significantly lower values
(P � .05). † Significant differences comparing minimum PEEP and PEEP 5 cm H2O (P � .05).

Fig. 5. Pressurization capacity results, assessed with parameter ideal PTP300% and ideal PTP500% with a high inspiration effort level (P0.1
4 cm H2O) with minimum PEEP value allowed by each ventilator (0 cm H2O) and 5 cm H2O (5) for 3 levels of pressure support (PS) ventilation
of 10, 15, and 20 cm H2O. ‡ Ventilators with significantly higher values (P � .05). § Ventilators with significantly lower values (P � .05).
† Significant differences comparing minimum PEEP and PEEP 5 cm H2O (P � .05).
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our findings could be related to this difference in trigger-
ing pattern.

Most of these studies used the same values of compli-
ance and resistance that we used in our protocol (compli-
ance 50 mL/cmH2O and resistance 5 cmH2O/L/s). In the
study by Thille et al,17 compliance 100 mL/cmH2O was
set in the lung model. In the protocol by Richard et al,13

compliance 80 mL/cmH2O was used, and an 8.0 ETT was
connected to the test chamber to create a resistance of 7
cmH2O/L/s.

Different lung model designs were used in some of
the reviewed studies. Bunburaphong et11 al used a bel-
lows-in-a-box lung model with negative pressure and
pleural space simulation. This design provides a more
realistic and a narrower control of effort generation, but
its setup is much more complex. A different design is
also described in the study by Ferreira et al,12 where a
computerized mechanical lung simulator is used, con-
sisting of a piston moving inside a cylinder according to
an equation of motion. Unlike dual chamber models,
this lung simulator does not simulate expiratory efforts,
but findings in trigger delay time and pressure drop in
Savina and Vela ventilators in this study were very
similar to our results.

Regarding the fact that PEEP does not seem to affect
triggering or pressurization capacity, it must be taken into
consideration that only 2 relatively low levels of PEEP,
�5 cm H2O, were evaluated, whereas some patients re-
quire higher PEEP levels. Our testing at low levels of
PEEP may not be adequate to know how a higher PEEP
may affect triggering or pressurization performance, so
conclusions should be cautiously made.

We used the V60 ventilator in an invasive ventilation
setting even though it is mainly designed to be used as a
noninvasive ventilation machine. We arranged this setup
for this ventilator, because it can be configured for that
purpose as well; therefore, these results must be evaluated
considering that they are only applicable for invasive ven-
tilation, which is not its native design.

Conclusions

For the turbine mid-level ICU ventilators tested, pres-
sure support ventilation functioned correctly, whereas,
under our experimental conditions, the most recent tur-
bines have the best results in terms of trigger function
(C2, V60, Trilogy AC) and pressurization capacity (C2,
V680, Trilogy AC) compared with the older models.
The use of PEEP did not modify trigger or pressuriza-
tion results.

Extrapolations of the findings in this study must be
cautiously done. Clinical studies assessing these features
should be performed to check whether these results actu-

ally do comply with the findings obtained in patients un-
dergoing mechanical ventilation in the ICU.
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